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Peptidylarginine deiminase 4 (PAD4) is increasingly targeted to modulate

inflammatory pathology, yet its inhibition produces biological effects that

extend beyond the processes it was originally designed to suppress. While

PAD4 targeting has largely been pursued to limit neutrophil extracellular trap

(NET) formation, accumulating data indicate that PAD4 activity also shapes

immune regulation through citrullination of non-histone substrates, with

consequences for antigen presentation, cytokine function, and adaptive

immune activation. These broader effects introduce important considerations

for translation, as PAD4 inhibition can simultaneously attenuate tissue-damaging

inflammation and undermine protective host responses. In this review, we

examine PAD4 targeting through a benefit–risk–opportunity framework that

integrates enzymatic specificity, cellular context, and disease setting. We

discuss how suppression of NET-driven pathology underlies therapeutic benefit

in thrombo-inflammatory disease, how impaired control of microbial

dissemination represents a central risk in infection, and how direct effects on

dendritic- and T-cell-mediated responses may be leveraged in autoimmune

contexts. Rather than reflecting unintended drug activity, many immune effects

attributed to off-target inhibition arise from disruption of citrullination-dependent

regulatory pathways. This perspective provides a mechanistic basis for selecting

indications, designing combination strategies, and defining appropriate safety

endpoints, supporting a more precise and context-aware approach to PAD4

targeting in immune-mediated disease.

KEYWORDS

immune regulation, neutrophil extracellular traps, neutrophils, protein citrullination,
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1 Introduction

Peptidylarginine deiminase 4 (PAD4) has emerged as an important therapeutic target

across a broad range of inflammatory diseases. This reflects its established role in histone

citrullination, chromatin decondensation, and the formation of neutrophil extracellular

traps (NETs), which are web-like DNA–protein structures released by activated neutrophils

(1). NET-associated pathology has been reported in many conditions, such as severe

infection, thrombosis, cancer, and autoimmune disease (1), supporting PAD4 inhibition

as a strategy to limit excessive inflammation. The rapid expansion of PAD4-focused

research, particularly during the COVID-19 pandemic, has accelerated the development

of pharmacological inhibitors and generated substantial preclinical evidence suggesting
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therapeutic benefit (2–5). However, much of this progress has been

guided by NET-focused readouts that implicitly frame PAD4

inhibition as a restricted intervention with localized and

predictable effects.

Increasing evidence indicates that this perspective is

incomplete. PAD4 activity extends beyond NET formation

(NETosis) and contributes to immune regulation through

mechanisms that include cytokine (6) and chemokine (7)

modification, antigen availability (8), and coordination between

innate and adaptive immune responses (9). In parallel,

pharmacological inhibition of PAD4 introduces additional

considerations related to isozyme cross-inhibition and chemical

scaffold-associated liabilities (10). These effects are often described

as off-target, yet many represent coherent biological outcomes of

disrupting citrullination-dependent pathways rather than

unintended drug effects. In this review, PAD4 inhibition is

evaluated using a risk-mapping approach that integrates

enzymatic specificity, immune context, and translational

considerations to clarify when targeting is mechanistically

justified, when risk predominates, and when broader immune

effects may be therapeutically advantageous.
2 PAD4 activity across immune
contexts

PAD4 operates as a context-dependent regulator of

inflammatory immune responses, with activity that is closely

coupled to immune activation rather than homeostatic function.

In immune cells, PAD4 engagement is triggered by inflammatory

cues associated with neutrophil activation, tissue damage, and

cellular stress, situating its activity within acute immune

responses. Through citrullination of nuclear and cytoplasmic

substrates, PAD4 influences chromatin accessibility and

transcriptional programs linked to inflammatory effector function,

including hypoxia-responsive gene expression, regulation of p53-

dependent transcriptional stability, and activation of viral

transcriptional programs (11–13). In neutrophils, this activity

supports NETosis, while in other immune contexts it contributes

to regulation of gene expression and activation thresholds (1).

Importantly, PAD4-dependent effects are typically observed under

conditions in which the enzyme is catalytically engaged, meaning

that its detectable impact is most readily apparent in immune

environments characterized by heightened activation, where

innate and adaptive responses coincide. This context dependence

is central to interpreting how PAD4 inhibition alters immune

responses, as the magnitude and nature of its effects are shaped

by the immune state in which citrullination-dependent pathways

are engaged.

Within this immune setting, PAD4 must be considered

alongside other members of the PAD family, including PAD1,

PAD2, PAD3, and PAD6, which differ in expression patterns,

calcium sensitivity, and substrate preferences. Among these,

PAD2 exhibits the greatest functional overlap with PAD4 in

immune tissues and shares several substrates, including histones
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and transcriptional regulators (14–17). However, PAD2 differs in

subcellular localization and tissue distribution, with broader

expression across myeloid and lymphoid compartments as well as

non-immune tissues (15, 18, 19). These similarities and differences

have direct implications for pharmacological targeting, as many

inhibitors developed to suppress PAD4 activity also inhibit PAD2 at

concentrations commonly used in cellular and in vivo studies (20).

Such isozyme cross-inhibition can blur mechanistic attribution,

particularly when changes in gene regulation or immune activation

are ascribed solely to PAD4 blockade.

The relevance of isozyme overlap becomes more apparent when

considering the cellular distribution of PAD4 across the immune

system. While neutrophils represent the most extensively studied

context for PAD4 activity, PAD4 expression and function extend to

additional immune and vascular cell types. Monocytes and

dendritic cells (DCs) express PAD4, where it has been linked to

chromatin remodeling, transcriptional regulation, and antigen

presentation (8, 9, 21). PAD4 has been shown to localize to

multiple subcellular compartments in monocytes, including

cytosolic, organelle-associated, and cell surface pools that expand

during differentiation into monocyte-derived DCs, supporting a

role for PAD4 in antigen handling and intracellular immune

coordination beyond the nucleus (22). In platelets and

megakaryocytes, PAD4 connects citrullination to platelet

activation, immunothrombosis, and coagulation pathways (23).

Endothelial PAD4 activity has also been associated with

inflammatory activation and barrier dysfunction under

pathological conditions (24). Taken together, these observations

indicate that PAD4 inhibition exerts coordinated effects across

multiple cellular compartments, reinforcing the need to interpret

i t s b i o l o g i c a l c on s equenc e s b eyond a neu t r oph i l -

centered framework.
3 Defining and characterizing PAD4
inhibition

The context-dependent activation and broad cellular

distribution of PAD4 raise a fundamental question regarding how

its inhibition should be defined in biological systems. On-target

PAD4 inhibition implies effective suppression of its catalytic

activity, resulting in reduced citrullination of relevant protein

substrates under conditions in which the enzyme would normally

be active. In experimental settings, this can be assessed using

biochemical activity assays, measurements of substrate occupancy,

or evaluation of global changes in the cellular citrullinome (16, 20).

Each of these approaches provides useful but partial information,

and none alone captures functional target engagement within

complex immune environments. As a result, apparent PAD4

inhibition is frequently inferred indirectly, emphasizing the need

for careful interpretation of downstream biological readouts.

This reliance on indirect assessment has contributed to the

widespread use of NET-associated markers as surrogate indicators

of PAD4 inhibition. Commonly used readouts include citrullinated

histone H3, myeloperoxidase DNA complexes, and fluorescence-
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based imaging of extracellular chromatin. While experimentally

convenient, these measures capture only a narrow subset of PAD4-

dependent biology and are susceptible to confounding by

alternative forms of cell death, including apoptosis and necrosis

(25, 26). In addition, NET-associated markers do not account for

PAD4 activity in non-neutrophil compartments, nor do they reflect

citrullination events that influence immune regulation in the

absence of overt chromatin release. Suppression of these markers

may therefore provide an incomplete representation of the

biological consequences of PAD4 inhibition.

Interpretation is further complicated by the diversity of

experimental approaches used to inhibit PAD4 in immune

settings. Compounds employed across studies differ in how

broadly they affect immune cells, how sustained their effects are

in vivo, and which inflammatory contexts they influence. Although

these agents are commonly grouped together as PAD4 inhibitors,

their use can lead to distinct immune outcomes, even when similar

reductions in NET-associated markers are observed. This principle

extends beyond small-molecule approaches, as antibody mediated

modulation of PAD4 demonstrates that comparable suppression of

commonly used readouts can emerge from distinct modes of

regulatory interference with divergent immune consequences

(27). In models of inflammation, differences in the mode and

context of PAD4 modulation can shape the extent and

distribution of immune modulation, influencing how neutrophil-

driven pathology, vascular inflammation, or broader immune

responses are altered. Consequently, comparable experimental

readouts do not necessarily reflect equivalent immune effects.

This variability limits direct comparison across studies and

reinforces the need to interpret PAD4 inhibition in terms of

immune context and phenotype, rather than assuming uniform

consequences based solely on suppression of individual markers.

Selectivity represents an additional determinant of how PAD4

inhibition manifests at the cellular and organismal level. Many

compounds exhibit partial cross-inhibition of PAD2 at

concentrations required for cellular activity, reflecting structural

similarities within the PAD family (14–17). Commonly used PAD4

inhibitors, including Cl-amidine, GSK484, and related chemical

scaffolds, effectively suppress PAD4 catalytic activity in biochemical

and preclinical models but differ in reversibility, exposure

requirements, and isozyme selectivity (10). At concentrations

necessary for sustained cellular or in vivo efficacy, these agents

frequently engage PAD2 and broaden citrullination suppression

(15), shaping both their biological impact and associated risk

profile. In parallel, pharmacokinetic and pharmacodynamic

factors, including plasma protein binding, tissue distribution, and

dosing duration, shape the extent and persistence of target

engagement in vivo. Exposure levels achieved in preclinical

models may therefore exceed those predicted from in vitro assays,

increasing the likelihood of isozyme cross-inhibition and scaffold-

dependent non-specific effects (28). Together, these considerations

underscore that PAD4 inhibition is not a singular intervention but a

composite of enzymatic specificity, cellular context, and

pharmacological behavior, providing a necessary framework for

evaluating its benefits and risks across disease settings.
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4 PAD4 targeting from benefit to risk
to opportunity

4.1 On-target benefits and translational
signals

Pharmacological suppression of PAD4 activity produces

measurable biological effects in disease settings characterized by

excessive citrullination and neutrophil activation. In infectious

contexts, PAD4-dependent NETosis contributes to the restriction

of microbial dissemination, while simultaneously amplifying tissue

injury when dysregulated (1). Inhibition of PAD4 has therefore

been associated with reduced inflammatory damage in models of

severe infection, although this benefit is frequently accompanied by

impaired pathogen clearance. Similar trade-offs are observed in

viral infection, where PAD4 inhibition limits immunopathology

driven by excessive neutrophil activation but may compromise

antiviral defense under certain conditions (9, 29). These patterns

indicate that PAD4 inhibition is most effective where inflammatory

amplification dominates disease pathology, whereas its use might be

less suitable in contexts that rely on intact antimicrobial immunity.

Beyond infection, PAD4 activity also shapes immune responses

at the interface between inflammation and coagulation. PAD4-

mediated citrullination promotes chromatin decondensation and

extracellular DNA release, generating structures that support

platelet activation, coagulation factor engagement, and thrombus

stabilization. Experimental models of immunothrombosis and

venous thrombosis show that disruption of PAD4 activity reduces

thrombus burden and vascular inflammation without fully

abolishing hemostatic function (30–32). In inflammatory settings

such as severe sepsis, platelets have emerged as active drivers of

immune amplification, with platelet-derived signals reinforcing

NET formation and sustaining inflammatory feedback loops

(23, 33). Within this context, PAD4-dependent NET scaffolds

provide a mechanistic link between platelet activation, neutrophil

effector function, and vascular inflammation. PAD4 activity has also

been implicated in cancer-associated thrombosis and metastatic

niche formation, where NETs facilitate tumor cell seeding and

immune evasion (5, 34). Together, these observations position

PAD4 inhibition as a mechanistically coherent strategy in settings

where inflammatory and thrombotic programs converge, while

underscoring the need to balance anti-thrombotic benefit against

host defense across disease contexts with distinct benefit–risk

profiles (Table 1).

4.2 Citrullination beyond histones

Although histone citrullination represents the most visible

consequence of PAD4 activation, the enzyme modifies a broader

repertoire of substrates that extend into core immune regulatory

pathways. PAD4-mediated citrullination of cytokines and

chemokines alters charge distribution and protein conformation,

thereby influencing receptor binding, gradient formation, and

signaling potency (6, 7). Modification of these mediators can

reshape leukocyte recruitment, adjust the magnitude and duration
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of inflammatory responses, and influence the balance between

immune amplification and resolution. As such, these effects can

occur independently of NET release, positioning citrullination as a

regulatory mechanism that operates even in the absence of overt

chromatin extrusion.

Extending beyond soluble mediators, PAD4-dependent

citrullination also influences immune regulation at the level of

cellular activation and intercellular coordination. In antigen-

presenting cells, altered citrullination affects chromatin

accessibility and co-stimulatory signaling, constraining antigen

presentation efficiency and downstream CD4 T-cell priming.

This, in turn, is associated with reduced production of

interleukin-2 (IL-2) and limited expansion of activated T-cell

populations (9, 38). Together with reduced citrullination of

inflammatory mediators, these effects illustrate how PAD4

inhibition modulates immune amplification through NET-

independent pathways that can produce divergent functional

outcomes depending on context. Through these combined effects,

PAD4 inhibition links changes in protein citrullination to broader

modulation of adaptive immune activation, providing a mechanistic

bridge between molecular substrate modification and system-level

immune outcomes.

4.3 System-level and molecular risks

The cumulative impact of altered citrullination across multiple

substrates becomes evident at the system level, where PAD4

inhibition reshapes immune coordination rather than targeting a

single effector pathway. NETs contribute to spatial organization of

inflammation and communication between innate immune

populations, and their attenuation can disrupt these processes

beyond the site of pathology (1). When combined with reduced

cytokine and chemokine citrullination, PAD4 inhibition can blunt

immune cell recruitment, delay tissue repair, and alter

inflammatory resolution (5–7, 39). These effects help explain the
Frontiers in Immunology 04
increased susceptibility to infection and impaired wound healing

reported in experimental models involving PAD4 blockade (40, 41).

System-level risk is further shaped by pharmacological and

molecular considerations. Partial cross-inhibition of PAD2 can

influence transcriptional regulation and immune cell

differentiation, compounding the effects of PAD4-specific

blockade (15, 16). Together, these factors contribute to a broader

erosion of citrullination-dependent immune coordination,

increasing vulnerability to infection, impaired tissue repair, and

dysregulated inflammatory resolution. Framed in this way, the risks

associated with PAD4 inhibition reflect not only suppression of

NETosis but also disruption of interconnected immune regulatory

processes that operate across mul t ip le ce l lu lar and

tissue compartments.

4.4 Reframing risk as opportunity in
autoimmunity

In autoimmune disease, mechanisms that underlie risk in

infectious settings may instead align with therapeutic goals.

Citrullinated proteins contribute to neoantigen generation and

loss of tolerance in conditions such as rheumatoid arthritis

(42, 43). By limiting citrullination across histone and non-histone

substrates, PAD4 inhibition may reduce autoantigen availability,

constrain T-cell priming, and dampen IL-2-dependent expansion of

autoreactive T cells (9, 44). In this context, partial suppression of

immune activation may interrupt self-sustaining inflammatory

circuits that drive chronic disease.

Such risks suggest that the biological effects of PAD4 inhibition

differ substantially across immune-mediated conditions. Rather

than pursuing uniform inhibition across indications, PAD4

targeting may be most defensible where pathology is sustained by

citrullination-dependent immune amplification and where

controlled immune dampening is acceptable (Figure 1). Viewing

PAD4 inhibition along a continuum that spans host defense,
TABLE 1 Context-dependent consequences of PAD4 inhibition across disease settings.

Disease context Dominant mechanism
Main biological
consequence

Translational
interpretation

Representative
recent reference

Microbial infection
PAD4-dependent NETosis during
bacterial challenge

Reduced NET release and
attenuated inflammatory tissue
injury with impaired pathogen
control

Context-dependent benefit with
increased infection risk

(35)

Viral infection
Neutrophil-driven NET
accumulation and inflammatory
amplification

Reduced NET burden and
inflammatory tissue damage with
compromised antiviral immune
responses

Narrow therapeutic window (29)

Thrombo-inflammation
and sepsis

NET–platelet interactions and
NET scaffolding in venous
thrombosis

Reduced NET-associated thrombus
formation and altered platelet–
NET dynamics

Favorable in venous thrombo-
inflammatory settings with
bleeding risk consideration

(33)

Cancer
PAD4-driven citrullination
supporting tumor-associated
inflammation

Reduced tumor growth and
inflammatory progression
following PAD4 antagonism

Mechanistically relevant tumor-
intrinsic opportunity

(36)

Autoimmunity
PAD4-dependent NET activity and
inflammatory tissue remodeling

Reduced inflammatory tissue
damage and disease severity
following PAD4 inhibition

Mechanistically favorable when
immune dampening is acceptable

(37)

Adaptive immune
regulation

Citrullination effects on antigen
presentation and IL-2 production

Reduced T-cell priming and
effector expansion

Risk in infection and opportunity
in autoimmunity

(9)
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inflammation, and tolerance provides a coherent framework for

aligning molecular mechanism with clinical intent and for

identifying scenarios in which broader immune effects represent

opportunity rather than liability.
5 Refining translational strategies for
PAD4-associated outcomes

Framing PAD4 inhibition within a broader translational

landscape highlights that many PAD4-associated pathological

outcomes can be modulated through strategies that do not rely

on direc t enzyme inhib i t ion . Intervent ions such as

deoxyribonuclease treatment, modulation of renin–angiotensin

axis (45, 46), targeting Gasdermin D-dependent inflammatory

amplification (47, 48), or scavenging immunostimulatory NET

components (49–51) illustrate that distinct points within PAD4-

linked pathways can be therapeutically accessed. These approaches
Frontiers in Immunology 05
differ in timing, mechanism, and immune scope, and may be

preferentially suited to specific disease contexts or stages. At the

same time, they do not mimic PAD4 inhibition, but rather clarify

the conditions under which direct targeting of citrullination is

necessary to limit upstream immune activation. Considering

PAD4 inhibitors alongside these complementary strategies helps

refine indication selection, informs combination or sequential

treatment designs, and situates PAD4 blockade as one element

within a broader toolkit aimed at controlling NET-associated

immune pathology.

Framing PAD4 inhibition within a broader translational

landscape highlights the need for careful indication selection and

biomarker-driven approaches to identify patients most likely to

benefit. PAD4-targeting strategies are most appropriate in settings

where citrullination-dependent pathology is sustained, such as

those characterized by high NET burden or dysregulated

neutrophil–platelet interactions. Biomarkers, including circulating

NET components, citrullinated proteins, or platelet–neutrophil

aggregates, can help pinpoint the right patient populations.
FIGURE 1

Established immune effects and emerging opportunities of PAD4 inhibition beyond NETosis. Schematic overview illustrating NET-independent
immune consequences of PAD4 inhibition. The upper panel highlights well-established effects of reduced citrullination beyond histones, including
altered modification of inflammatory mediators and modulation of citrullination-dependent dendritic cell–T cell programs, which together influence
the magnitude of immune amplification. The lower panel depicts how these shared upstream effects can diverge into context-dependent outcomes.
Established benefits include reduced inflammatory amplification and limitation of tissue-damaging immune responses, whereas recognized risks
involve impaired host defense associated with increased microbial or viral burden. In parallel, emerging opportunities are illustrated by the potential
to dampen autoreactive T-cell expansion and immune amplification in autoimmune settings through effects on antigen presentation and interleukin-
2 signaling. Abbreviations: PAD4, peptidylarginine deiminase 4; DC, dendritic cell; IL-2, interleukin-2. The figure emphasizes that benefit, risk, and
opportunity arise from the same PAD4-dependent pathways and are determined by immune context rather than by distinct molecular mechanisms.
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Additionally, endpoint selection should go beyond measuring NET

markers and focus on meaningful effects such as tissue injury,

inflammatory resolution, and immune coordination. For

autoimmune diseases, adaptive immune responses may require

greater attention, while vascular and coagulation-related

outcomes should take precedence in thrombo-inflammatory

contexts. Aligning these factors with disease-specific mechanisms

will be crucial for translating PAD4-related interventions into

clinically relevant outcomes, balancing the therapeutic benefits of

PAD4 blockade with its potential risks. .
6 Discussion

PAD4 inhibition emerges as a form of immune modulation that

extends well beyond NETosis suppression. Across multiple disease

settings, PAD4 activity contributes to inflammatory amplification

through histone and non-histone citrullination, shaping innate

effector functions, antigen presentation, and adaptive immune

activation. In this light, many effects often described as off-target

reflect predictable consequences of disrupting citrullination-

dependent regulation rather than unintended pharmacological

artefacts. The impact of PAD4 inhibition therefore depends

strongly on disease context, timing, and exposure, with benefit

arising where excessive immune activation dominates pathology

and risk becoming prominent where intact host defense and tissue

repair are required. These considerations underscore the limitations

of evaluating PAD4 blockade using NET-centered endpoints alone

and highlight the need for broader measures of immune

coordination and function.

A more balanced view of PAD4 targeting follows when its

molecular actions are aligned with clinical intent. In autoimmune

disease, reduced citrullination may limit autoantigen generation,

dampen T-cell priming, and constrain IL-2-dependent immune

expansion, aligning immune dampening with therapeutic goals. In

contrast, in infectious settings or during tissue repair, the same

mechanisms may undermine protective responses. Recognizing this

continuum allows PAD4 inhibition to be judged not as inherently

beneficial or harmful, but as conditionally appropriate. Progress in

this field will depend on improved selectivity, careful patient

selection, and mechanism-aligned endpoints that reflect both

efficacy and immune competence. Framing PAD4 blockade

within this context-dependent model provides a rational path for

translation and helps define where its broader immune effects

represent acceptable trade-offs or genuine therapeutic opportunity.
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24. Osca-Verdegal R, Beltrán-Garcıá J, Paes AB, Nacher-Sendra E, Novella S,
Hermenegildo C, et al. Histone citrullination mediates a protective role in
endothelium and modulates inflammation. Cells. (2022) 11:1–20. doi: 10.3390/
cells11244070

25. Ronchetti L, Terrenato I, Ferretti M, Corrado G, Goeman F, Donzelli S, et al.
Circulating cell free DNA and citrullinated histone H3 as useful biomarkers of NETosis
in endometrial cancer. J Exp Clin Cancer Res. (2022) 41:1–14. doi: 10.1186/s13046-022-
02359-5

26. Van Der Meer AJ, Kroeze A, Hoogendijk AJ, Soussan AA, Van Der Schoot CE,
Wuillemin WA, et al. Systemic inflammation induces release of cell-free DNA from
hematopoietic and parenchymal cells in mice and humans. Blood Adv. (2019) 3:724–8.
doi: 10.1182/bloodadvances.2018018895
Frontiers in Immunology 07
27. Zhou X, Kong S, Maker A, Remesh SG, Leung KK, Verba KA, et al. Antibody
discovery identifies regulatory mechanisms of protein arginine deiminase 4. Nat Chem
Biol. (2024) 20:742–50. doi: 10.1038/s41589-023-01535-8

28. Hallur G, Reddy Purra B, Duraiswamy AJ, Sulochana PS, Nagasuri VSP PK,
Gangaiah R, et al. LC-ESI-MS/MS determination of GSK-199, A novel reversible PAD4
inhibitor in mice plasma and its application to a pharmacokinetic study in mice. Pharm
Anal Chem: Open Access. (2017) 03:1–7. doi: 10.4172/2471-2698.1000124
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DNAse-dependent, NET-independent pathway of thrombus formation. Vivo Proc Natl
Acad Sci U.S.A. (2021) 118:1–12. doi: 10.1073/pnas.2100561118

32. SalzmannM, Gibler P, Haider P, Brekalo M, Plasenzotti R, Filip T, et al. Neutrophil
extracellular traps induce persistent lung tissue damage via thromboinflammation
without altering virus resolution in a mouse coronavirus model. J Thromb Haemost.
(2024) 22:188–98. doi: 10.1016/j.jtha.2023.09.014

33. LiW, Chi D, Ju S, Zhao X, Li X, Zhao J, et al. Platelet factor 4 promotes deep venous
thrombosis by regulating the formation of neutrophil extracellular traps. Thromb Res.
(2024) 237:52–63. doi: 10.1016/j.thromres.2024.03.005

34. Wang H, Zhang H,Wang Y, Brown ZJ, Xia Y, Huang Z, et al. Regulatory T-cell and
neutrophil extracellular trap interaction contributes to carcinogenesis in non-alcoholic
steatohepatitis. J Hepatol. (2021) 75:1271–83. doi: 10.1016/j.jhep.2021.07.032

35. Monteith AJ, Miller JM, Maxwell CN, Chazin WJ, Skaar EP. Neutrophil
extracellular traps enhance macrophage killing of bacterial pathogens. Science
Advances (2021) 7:1–16. doi: 10.1126/sciadv.abj2101

36. Chen R, Lin Z, Shen S, Zhu C, Yan K, Suo C, et al. Citrullination modulation
stabilizes HIF-1a to promote tumour progression. Nat Commun. (2024) 15:1–15.
doi: 10.1038/s41467-024-51882-w

37. Zhang Y, Wu Y, Yang H, Liu X, Pan B, Ding C, et al. NETs promote invasive
behavior of fibroblast-like synoviocytes through GPIba in rheumatoid arthritis. Front
Immunol. (2025) 16:1667319. doi: 10.3389/fimmu.2025.1667319

38. Bonilha CS. The synapse revisited: Molecular networks of CD4 T cell–DC
interactions. Int Immunopharmacol . (2025) 167:115715. doi: 10.1016/
j.intimp.2025.115715

39. Lu Z, Zhu L, Yi C, Su B, Wang R. C5a/C5aR regulates Th1/Th2 imbalance in sepsis-
associated lung injury by promoting neutrophil activation to increase PAD4
expression. Ann Med. (2025) 57:1–12. doi: 10.1080/07853890.2024.2447406

40. Li H, Xu L, Chen J, Huang H, Liang F, Li S, et al. Neutrophil extracellular trap
formation suppressed by ro 106–9920 enhances diabetic wound healing by blocking
NLRP3 inflammasome activation. Front Biosci (Landm Ed). (2025) 30:37393.
doi: 10.31083/FBL37393

41. Leppkes M, Lindemann A, Gößwein S, Paulus S, Roth D, Hartung A, et al.
Neutrophils prevent rectal bleeding in ulcerative colitis by peptidyl-arginine deiminase-
4-dependent immunothrombosis. Gut. (2022) 71:2414–29. doi: 10.1136/gutjnl-2021-
324725

42. Bonilha CS, Benson RA, Brewer JM, Garside P. Targeting opposing immunological
roles of the junctional adhesion molecule-A in autoimmunity and cancer. Front
Immunol. (2020) 11:602094. doi: 10.3389/fimmu.2020.602094

43. Prendergast CT, Benson RA, Scales HE, Bonilha CS, Cole JJ, McInnes I, et al.
Dissecting the molecular control of immune cell accumulation in the inflamed joint. JCI
Insight. (2022) 7:1–15. doi: 10.1172/jci.insight.151281

44. Won T, Naik P, Wood MK, Wang H, Talor MV, Shi J, et al. Anti–peptidylarginine
deiminase 4 autoantibodies derived from patients with rheumatoid arthritis exert
pathogenic effects by activating monocytes and exacerbating inflammatory arthritis.
Arthritis Rheumatol. (2025) 77:1150–65. doi: 10.1002/art.43168

45. Magalhaes GS, Gregorio JF, Beltrami VA, Felix FB, Oliveira-Campos L, Bonilha CS,
et al. A single dose of angiotensin-(1–7) resolves eosinophilic inflammation and
protects the lungs from a secondary inflammatory challenge. Inflammation Res.
(2024) 73:1019–1031. doi: 10.1007/s00011-024-01880-x

46. Chrysanthopoulou A, Gkaliagkousi E, Lazaridis A, Arelaki S, Pateinakis P,
Ntinopoulou M, et al. Angiotensin II triggers release of neutrophil extracellular
traps, linking thromboinflammation with essential hypertension. JCI Insight. (2021)
6:1–15. doi: 10.1172/jci.insight.148668

47. Silva CM, Wanderley CWS, Veras FP, Gonçalves AV, Lima MHF, Toller Kawahisa
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et al. Gasdermin D inhibition prevents multiple organ dysfunction during sepsis by
blocking NET formation. Blood. (2021) 138:2702–13. doi: 10.1182/blood.2021011525

49. Wang CL, Wang Y, Jiang QL, Zeng Y, Yao QP, Liu X, et al. DNase I and sivelestat
ameliorate experimental hindlimb ischemia-reperfusion injury by eliminating
frontiersin.org

https://doi.org/10.1158/0008-5472.CAN-21-4045
https://doi.org/10.1016/j.cyto.2012.09.011
https://doi.org/10.1182/blood-2008-04-149039
https://doi.org/10.1016/j.celrep.2024.113942
https://doi.org/10.1016/j.mucimm.2025.04.006
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1126/sciadv.abe3771
https://doi.org/10.1073/pnas.2423526122
https://doi.org/10.1038/s41467-025-61029-0
https://doi.org/10.1002/advs.202413253
https://doi.org/10.1093/cei/uxae080
https://doi.org/10.1038/s41594-024-01214-9
https://doi.org/10.1038/s41467-025-62788-6
https://doi.org/10.1136/jitc-2021-003526
https://doi.org/10.1172/jci.insight.181686
https://doi.org/10.1038/s41467-025-59919-4
https://doi.org/10.1189/jlb.3a0314-142rr
https://doi.org/10.1098/rstb.2022.0477
https://doi.org/10.1038/s44161-022-00108-7
https://doi.org/10.3390/cells11244070
https://doi.org/10.3390/cells11244070
https://doi.org/10.1186/s13046-022-02359-5
https://doi.org/10.1186/s13046-022-02359-5
https://doi.org/10.1182/bloodadvances.2018018895
https://doi.org/10.1038/s41589-023-01535-8
https://doi.org/10.4172/2471-2698.1000124
https://doi.org/10.1093/infdis/jiad526
https://doi.org/10.7150/ijbs.77434
https://doi.org/10.1073/pnas.2100561118
https://doi.org/10.1016/j.jtha.2023.09.014
https://doi.org/10.1016/j.thromres.2024.03.005
https://doi.org/10.1016/j.jhep.2021.07.032
https://doi.org/10.1126/sciadv.abj2101
https://doi.org/10.1038/s41467-024-51882-w
https://doi.org/10.3389/fimmu.2025.1667319
https://doi.org/10.1016/j.intimp.2025.115715
https://doi.org/10.1016/j.intimp.2025.115715
https://doi.org/10.1080/07853890.2024.2447406
https://doi.org/10.31083/FBL37393
https://doi.org/10.1136/gutjnl-2021-324725
https://doi.org/10.1136/gutjnl-2021-324725
https://doi.org/10.3389/fimmu.2020.602094
https://doi.org/10.1172/jci.insight.151281
https://doi.org/10.1002/art.43168
https://doi.org/10.1007/s00011-024-01880-x
https://doi.org/10.1172/jci.insight.148668
https://doi.org/10.1186/s13054-022-04062-5
https://doi.org/10.1182/blood.2021011525
https://doi.org/10.3389/fimmu.2026.1769421
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Santos Bonilha and Protasio Veras 10.3389/fimmu.2026.1769421
neutrophil extracellular traps. J Inflammation Res. (2023) 16:707–21. doi: 10.2147/
JIR.S396049

50. Wang K, Liao Y, Li X, Wang R, Zeng Z, Cheng M, et al. Inhibition of neutrophil
elastase prevents cigarette smoke exposure-induced formation of neutrophil
extracellular traps and improves lung function in a mouse model of chronic
Frontiers in Immunology 08
obstructive pulmonary disease. Int Immunopharmacol. (2023) 114:1–12.
doi: 10.1016/j.intimp.2022.109537

51. Okeke EB, Louttit C, Fry C, Najafabadi AH, Han K, Nemzek J, et al. Inhibition of
neutrophil elastase prevents neutrophil extracellular trap formation and rescues mice from
endotoxic shock. Biomaterials. (2020) 238:1–11. doi: 10.1016/j.biomaterials.2020.119836
frontiersin.org

https://doi.org/10.2147/JIR.S396049
https://doi.org/10.2147/JIR.S396049
https://doi.org/10.1016/j.intimp.2022.109537
https://doi.org/10.1016/j.biomaterials.2020.119836
https://doi.org/10.3389/fimmu.2026.1769421
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Mapping benefit, risk, and opportunity in PAD4 inhibition
	1 Introduction
	2 PAD4 activity across immune contexts
	3 Defining and characterizing PAD4 inhibition
	4 PAD4 targeting from benefit to risk to opportunity
	4.1 On-target benefits and translational signals
	4.2 Citrullination beyond histones
	4.3 System-level and molecular risks
	4.4 Reframing risk as opportunity in autoimmunity

	5 Refining translational strategies for PAD4-associated outcomes
	6 Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


