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A citrullinated histone H3 monoclonal
antibody for immune modulation in sepsis
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Xin Yu 1,7, Kyung Eun Lee3, Xinyu Zhou3, Zoe Tetz3, Sophia Go3, Xindi Zeng3,
Liujiazi Shao1, Chao Quan1,8, Ting Zhao 9, Yuzi Tian1,10,
Katsuo Kurabayashi 4,5,11, Hua Jin12, Jichun Ma 12, Jingdong Qin12,
Brandon Williams12, Qingtian Li12, Gui-dong Zhu 12, Hasan B. Alam 13,
Kathleen A. Stringer 14,15,16, Yongqing Li 1 & Jianjie Ma 3

Citrullinated histone H3 (CitH3), released from immune cells during early
sepsis, drives a vicious cycle of inflammation through excessive NETosis and
pyroptosis, causing immune dysfunction and tissue damage. To regulate this
process, we develop a humanized CitH3 monoclonal antibody (hCitH3-mAb)
with high affinity and specificity to target this process. In murine models,
hCitH3-mAb reduces cytokine production, mortality and acute lung injury
(ALI) caused by LPS and Pseudomonas aeruginosa while enhancing bacteria
phagocytosis in the lungs, spleen, and liver. Usingpre-equilibriumdigital ELISA
(PEdELISA), we identify an optimal therapeutic window for hCitH3-mAb in
sepsis-induced ALI. In parallel, we explore the molecular mechanism under-
lying CitH3-driven inflammation.We find that inmacrophages, CitH3 activates
Toll-like receptor 2 (TLR2), triggering Ca2+-dependent PAD2 auto-citrullination
andnuclear translocation, amplifyingCitH3 production via a harmful feedback
loop. The hCitH3-mAb treatment effectively disrupts this cycle and restores
macrophage function under septic conditions. Together, these findings
highlight both the therapeutic potential of hCitH3-mAb and provide a deep
mechanistic insight into the CitH3–PAD2 axis in sepsis, supporting its further
development for treating immune-mediated diseases.

Sepsis is a life-threatening condition caused by a dysregulated immune
response to infection, resulting in organ dysfunction and high mor-
tality rates1,2. Clinically, sepsis often leads to severe complications such
as acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS), renal failure, and coagulopathies, which significantly worsen
prognosis3,4. A hallmark of sepsis is the cytokine storm, an over-
whelming release of pro-inflammatory cytokines that drives hyper-
inflammation, tissue damage and organ failure5,6. Despite advances in
medical care, there are no real-time tools to monitor this storm, and
current treatments remain ineffective in controlling immune
dysregulation7, highlighting the urgent need for novel therapeutic
strategies.

Immune dysregulation in sepsis involves key players such as
neutrophils and macrophages8,9. While neutrophil extracellular traps
(NETs) are essential for pathogen control10–16, excessive NETosis con-
tributes to inflammation and tissue injury10,17–22. Similarly, macrophage
dysfunction, exacerbated by pyroptosis, a form of programmed cell
death involving caspase activation, impairs pathogen clearance, fuel-
ing persistent infections and immune collapse23–25. Targeting excessive
NETosis while preserving NETs’ beneficial functions and restoring
macrophage activity represents a promising therapeutic approach.

CitrullinatedhistoneH3 (CitH3), a key component releasedduring
NETosis, has emerged as a critical mediator in sepsis pathology26.
Generated by the post-translational modification of histone H3 by
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peptidyl arginine deiminases (PADs), particularly PAD2 and PAD427,28,
CitH3 amplifies inflammation and immune dysfunction.We and others
have shown that CitH3 is a promising biomarker for early diagnosis of
sepsis and related conditions29–31. While PAD4 is predominantly loca-
lized in the nucleus, PAD2 has the capacity to translocate from the
cytosol to the nucleus under stress conditions to facilitate CitH3
production32–36. However, the mechanisms driving PAD2’s nuclear
translocation during immune responses remain poorly understood.

Recent findings from our laboratory demonstrate that PAD2-
knockout mice exhibit significantly improved survival under septic
conditions compared to their wild-type littermates, whereas PAD4-
knockout mice show only marginal improvement37–39. These results
suggest that PAD2 plays a pivotal role in regulating CitH3 production
and NETosis in sepsis, emphasizing the need to elucidate the
mechanistic basis of PAD2 nuclear translocation and its interaction
with histone H3 substrates.

Elevated CitH3 are believed to perpetuate a vicious cycle of
inflammation by driving excessive NETosis and pyroptosis, thereby
exacerbating immune dysfunction and tissue damage27,37,40,41. Despite
its central role in sepsis pathology, the mechanisms underlying the
initiation ofCitH3 signaling and its intracellular pathway remainpoorly
understood, creating a significant barrier to therapeutic intervention.

Studying CitH3 signaling requires a highly specific, high-affinity
anti-CitH3 monoclonal antibody (mAb) with robust CitH3-neutralizing
capability. However, existing commercial antibodies predominantly
target citrullinated residues at R2, R8, and R17 of histone H3, which are
catalyzed by PAD4 but not PAD2, limiting their effectiveness in neu-
tralizing CitH333,42,43. To address this limitation, we previously devel-
oped a mouse-derived CitH3-mAb that targets citrullinated H3 at R2,
R8, R17 andR2640. This CitH3-mAb effectively binds CitH3 catalyzed by
both PAD2 and PAD4, demonstrating therapeutic potential in sepsis

models. However, the murine origin of these antibodies limits their
clinical application, necessitating the development of a humanized
version for therapeutic use.

In this study, we report the development and preclinical evaluation
of a novel humanized anti-CitH3 monoclonal antibody (hCitH3-mAb),
which retains high affinity and broad specificity for PAD2- and PAD4-
mediated CitH3 in animal models of sepsis. We focus on its ability to
disrupt CitH3-driven feedback loops, mitigate the inflammatory cyto-
kines, restore macrophage function, and protect against sepsis-induced
pulmonary injury. In addition, we investigate the underlyingmechanism
of CitH3-mediated immune activation and uncover a feedback loop
involving TLR2 activation and Ca²⁺-dependent PAD2 auto-citrullination
and nuclear translocation, which sustains and amplifies CitH3 produc-
tion. Together, our findings position hCitH3-mAb as both a mechanistic
probe and a transformative therapeutic candidate for sepsis and other
inflammatory diseases, addressing critical gaps in immune regulation
and disease management.

Results
A thematic approach to achieve optimization of the humanized
CitH3 monoclonal antibody
To create the humanized hCitH3-mAb from the original mouse
antibody40, a multi-step approach was used to maintain binding spe-
cificity while reducing immunogenicity for human use (Fig. 1). The
process began with isolating RNA from mouse hybridoma cells
secreting the CitH3-mAb, which was then reverse-transcribed into
cDNA. This cDNA sequence served as the blueprint for humanization
using AI-driven monoclonal antibody engineering (Fig. 1a). This
advanced technique helped select human framework sequences that
retained the original antibody’s binding specificity to the CitH3 pep-
tide, targeting citrulline residues at histone positions 2, 8, 17, and 26.
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Fig. 1 | Thematic approach for the optimization and scale-up production of
hCitH3-mAb. a Schematic flowchart illustrating the humanization process of
mouse CitH3-mAb and the optimization steps conducted during developability
studies, culminating in the scale-up production of hCitH3-mAb. b Plasmid map
detailing the co-expression of the heavy chain and light chain of hCitH3-mAb in
CHO cells. c Quantification of cell density for different stable CHO clones expres-
sing hCitH3-mAb. d Assessment of cell viability across the various CHO clones
stably expressing hCitH3-mAb.e, Titer quantification of stable CHO clones, high-
lighting clone P2D6, which exhibited the highest hCitH3-mAb titers on days 13 and

14. Clone P2D6 was selected for harvesting and purification. f RF-HPLC analysis
demonstrated a homogeneous distribution of the purified hCitH3-mAb, achieving
>99.5% purity (dominant peak) with no detectable aggregation. g SDS-PAGE ana-
lysis of purified hCitH3-mAb revealed a distinct heavy chain and light chain under
reducing conditions, and a single band under non-reducing conditions, indicating
high purity and proper assembly. For every batch of the hCitH3-mAb, such quality
control assessment is routinely performed by CDMO. Similar results were obtained
from ≥3 independent replicates.Source data are provided as a Source Data file.
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A crucial modification during this process was the removal of the
“NG” amidation motif found in the HCDR2 and LCDR1 domains, which
was achieved by substituting glycine with alanine. This change
enhanced the antibody’s stability and improved scalability for large-
scalemanufacturing. BonOpus Biosciences played a pivotal role in the
design and optimization of expression vectors for hCitH3-mAb. By co-
transfecting various heavy (VH) and light (VL) chain combinations into
CHO cells, they identified configurations that yielded the highest
binding activity and antibody production (Fig. 1b). This detailed
engineering process resulted in a stable, high-affinity humanized
antibody, positioning it well for further therapeutic development.

Subsequently, in collaboration with SparX Biopharmaceutical
Corp, a comprehensive developability study was conducted using
CHO-GS KO cells. After electroporating the plasmid into CHO cells,
single-cell dilution and screening enabled the selection of clones with
high-titer expression of hCitH3-mAb. Notably, clones P2D6 and P1D2
demonstrated robust cell density (Fig. 1c) and viability (Fig. 1d),
achieving impressive titers of 6–8 g/L at day 14 in culture (Fig. 1e).

Highly purified hCitH3-mAb was obtained from these CHO
clones via Protein A-chromatography, with > 99.5% purity (Fig. 1f).
Furthermore, hCitH3-mAb demonstrated high thermal stability and
minimal aggregation (< 0.5%) based on SEC-HPLC analysis (Fig. 1g),
underscoring its suitability for scalable production and clinical
application.

hCitH3-mAb exhibits superior binding capacity to CitH3 com-
pared to commercial CitH3-mAb
We evaluated the specificity and bioactivity of hCitH3-mAb using
immunoblotting and ELISA assays. In the ELISA assay (Fig. 2a), hCitH3-
mAbdemonstrated a higher optical density (OD, blue symbol) than the
commercial CitH3 antibodies (black symbol), which primarily recog-
nize PAD4-mediated citrullination of H3 at R2, R8 and R17 (referred to
as CitH3-mAb-3Cit). This increased OD was observed across a range of
CitH3 peptide concentrations, indicating a clear dose-response rela-
tionship. Notably, hCitH3-mAb exhibited a lower limit of detection
(LOD) and a higher signal-to-noise ratio (SNR) in the standard curve,
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Fig. 2 | hCitH3-mAb exhibits superior binding capacity to CitH3 compared to
commercial CitH3 antibodies. a Indirect ELISA quantification demonstrating the
sensitivity of hCitH3-mAb (blue) versus commercial CitH3-mAb-3Cit antibodies
(black). CitH3 standards and test samples were identically diluted, and ELISA pro-
cedures were performed in parallel under identical conditions (n = 3). Statistical
significance was analyzed using two-way ANOVA (two-sided). ***p <0.001,
****p <0.0001. The asterisks in the figure indicate comparisons between hCitH3-
mAb and commercial CitH3-mAb-3Cit antibodies. b Western blot analysis com-
paring the sensitivity and specificity of hCitH3-mAb and CitH3-mAb-3Cit. Four
peptides (H3, CitH3 (R2,8,17,26), AceH3, and MetH3)were each loaded at 0.5 µg.
After electrophoresis and membrane transfer, the blot was divided and probed
separately with either hCitH3-mAb or CitH3-mAb-3Cit (2 µg/L). Membranes were

processed and exposed simultaneously (n = 3 independent experiments). Data are
presented asmean± SD. Statistical analysis was performed using a two-sided t-test
(**p <0.01). c ELISA of human septic serum samples, comparing the sensitivity of
hCitH3-mAb and CitH3-mAb-3Cit. d ELISA quantification of CitH3 protein levels in
human serum samples. Serumwas collected frompatients at enrollment, at 24- and
48h post-enrollment. For the infectious groups, n = 6 at both 24- and 48h; for the
other group, n = 5. The ‘Mild’ group corresponds to patientswith a total SOFA score
≤6, while the ‘Moderate-to-Severe’ group corresponds to a SOFA score >6. Non-
infectious controls represent patients who experience shock without clinical or
laboratory evidence of infection. Data are presented as mean ± SD. Statistical sig-
nificance was determined using two-way ANOVA with Turkey’s multiple compar-
isons test (*p <0.05, **p <0.01).Source data are provided as a Source Data file.
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highlighting its higher sensitivity in detecting CitH3 and its lower
matrix effect (See Source Data of Fig.2a).

To include additional antibodies, we also performed a direct
ELISA by coating the CitH3 antigen onto plates and directly con-
jugating HRP to each antibody (Supplementary Fig. 1, Supplementary
Table 1 and Supplementary Table 2). This approach allowed us to
evaluate a broader range of commercial antibodies, independent of
isotype compatibility with the secondary detection system. Under the
same experimental conditions, hCitH3-mAb exhibited the lowest LOD,
the highest SNR, and the lowest EC50, further confirming its superior
sensitivity and binding affinity.

Immunoblotting was conducted using both the commercial
CitH3-mAb-3Cit and our hCiitH3-mAb under identical experimental
conditions, including antibody concentration, incubation time, and
exposure duration (Fig. 2b). Clearly, both hCitH3-mAb and CitH3mAb-
3Cit displayed high specificity for the CitH3 peptide, with no detection
of bands for non-modified H3, acetylated H3 (AceH3), or methylated
H3 (MetH3). Moreover, a greater than 100-fold higher signal was
observed for our hCitH3-mAb than the commercial CitH3-mAb-3Cit.

Previously, we reported elevated circulating CitH3 levels in
patients with septic shock, which correlated with greater disease
severity and suggested its potential as a biomarker31,41,44. To further
evaluate detection performance, we quantified CitH3 protein levels in
serum samples collected from septic patients using hCitH3-mAb and a
commercial CitH3-mAb (Fig. 2c). Clearly, hCitH3-mAb detected the
higher levels of CitH3 in serum samples derived from septic patients,
compared with the commercial CitH3-mAb-3Cit antibody. Data were
grouped based on Sequential Organ Failure Assessment (SOFA) score.
As shown in Fig. 2d, septic patients exhibited elevated serum CitH3
levels within 1 h of diagnosis. In septic patients with moderate-to-
severe dysfunction (total SOFA score >6), CitH3 levels continued to
rise at 24 and48hpost-diagnosis, whereas surviving patientswithmild
dysfunction (total SOFA score≤6) demonstrated decliningCitH3 levels
over the same period. In contrast, serum samples from non-sepsis ALI

patients displayed low CitH3 levels, indistinguishable from those of
healthy volunteers. These results support the potential of hCitH3-mAb
in diagnostic applications for sepsis.

These findings highlight the superior sensitivity of hCitH3-mAb in
detecting CitH3 compared to commercial antibodies, which is driven
by its enhancedbinding capabilities and specificitywithminimal cross-
reactivity with other histone proteins, relative to commercial CitH3-
mAb-3Cit antibodies.

hCitH3-mAb reduces inflammation and protects against sepsis-
induced ALI
We conducted a comprehensive assessment of hCitH3-mAb’s ther-
apeutic potential in a murine model of sepsis. Sepsis was induced by
intranasal inoculation of 2.5 × 106 CFU of Pseudomonas aeruginosa
bacteria, followedby a single intravenous dose of hCitH3-mAb (20mg/
kg, tail vein injection as described before40). To control for potential
non-specific effects, a parallel cohort received human IgG isotype
control. Survival was monitored over a span of 10 days (Fig. 3a, Sup-
plementary Fig. 2a). Notably, hCitH3-mAb treatment significantly
increased the survival rate of septicmice compared to the IgG isotype-
treated group.

In a separate cohort, tissues and organ samples of septic mice
were collected 24 h post-P. aeruginosa treatment to assess the ther-
apeutic effects of hCitH3-mAb. Bacteria dissemination during sepsis
leads to severe end-organdysfunction, emphasizing the importanceof
monitoring bacterial burden. To quantify bacteria load, vital organs
were homogenized and analyzed. Notably, hCitH3-mAb treatment
resulted in a significant reduction in bacterial burden across key
organs, including the lungs, spleen, and liver, compared to the IgG-
treated group (Fig. 3b, see also Supplementary Fig. 2c).

Additionally, septic mice exhibited elevated levels of pro-
inflammatory cytokines in bronchoalveolar lavage fluid (BALF). Treat-
ment with hCitH3-mAb significantly reduced IL-6 and IL-1β levels in
BALF, alongside decreased CitH3 levels, compared to both P.
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Fig. 3 | hCitH3-mAb reduces inflammation and protects against sepsis-induced
ALI in mice. a Kaplan-Meier curves of mice after administration of Pseudomonas
aeruginosa (P. aeruginosa, 2.5 × 10⁶ CFU) for 10 days. Mice were divided into two
groups: one receiving hCitH3-mAb (20mg/kg) and the other receiving human IgG,
with treatments administeredwithin 30min of sepsis onset. Data represent pooled
results from three independent experiments (total n = 22; 6–8 mice per group per
experiment). b Bacterial load in the lung, spleen, and liver 24 h after P. aeruginosa
inoculation inmice treatedwith either hCitH3-mAbor human IgG (n = 3 per group).
Homogenized organs were weighed, serially diluted, and plated on nutrient agar
plates. Colony countswere obtained using ImageJ after 16-hour incubation at 37 °C.

Data are presented as mean± SD. c Levels of CitH3, IL-1β, and IL-6 in bronch-
oalveolar lavage fluid (BALF) from mice treated with hCitH3-mAb, compared to
those treated with PBS or human IgG (n = 4 per group). Data are presented as
mean ± SD. d Representative images and assessment of lung tissue sections stained
with H&E. ALI scores and the proportion of airspace area were quantified by a
blinded pathologist (n = 4 per group). Data are presented as mean ± SD. Statistical
analyses were performed using Kaplan-Meier analysis with two-sided log-rank test
for (a), two-sided t-tests for (b, d), and one-way ANOVA with Dunnett’s multiple
comparisons test for (c): *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001.Source
data are provided as a Source Data file.
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aeruginosa+PBS and P. aeruginosa+ IgG groups (Fig. 3c). Given that ALI
is a major cause of mortality in sepsis, we also examined lung histo-
pathology 24h post-P. aeruginosa induction. Hematoxylin and eosin
(H&E) staining (Fig. 3d) unveiled typical inflammatory alterations in IgG-
treated animals, including inflammatory infiltrates, pulmonary conges-
tion, edema, alveolar hemorrhage, and thickened alveolar walls. In
contrast, lungs from hCitH3-mAb treated mice showed relatively pre-
served lung structure (see Supplementary Fig. 2d). Quantitative eva-
luation by a blinded pathologist further confirmed a significant
reduction inALI severity in the hCitH3-mAb treated group, underscoring
the protective effects of hCitH3-mAb against P. aeruginosa-induced
damage.

To assess safety, a high dose of hCitH3-mAb (30mg/kg, tail vein
injection) was systemically administered to C57BL6 mice (both male
and females, 3–4 months). Treated mice displayed normal behavior
and body weight, indicating the safety nature of the antibody in
rodents. In separate experiments, we evaluated tolerability with
repetitive dosing of themouseCitH3-mAb (precursor to hCitH3-mAb).
This approach was chosen to mitigate any immune response against
hCitH3-mAb. Mice received 10mg/kg CitH3-mAb injections twice
weekly via tail vein for sixweeks. The treatedmice tolerated this dosing
regimen well, with no differences in body weight compared to control
groups (Fig. 4a). Echocardiography confirmed that repetitive dosing of
CitH3-mAb did not impact cardiac function (Fig. 4b). Blood chemistry
analyses showed normal levels of biomarkers for organ functions -
blood urine nitrogen (BUN), total protein, globulin, albumin/globulin
ratio, alanine aminotransferase (ALT), alkaline phosphatase (ALKP),
and non-fasting glucose in serum frommice with or without treatment
of hCitH3-mAb Fig. 4c), and the creatinine levels are <0.4mg/dL in all
control and treated mice. Histological assessments of vital organs
(heart, liver, kidney, lung and spleen) revealed no abnormal-
ities (Fig. 4d).

The potential antibody-dependent cellular cytotoxicity (ADCC)
activity of hCitH3-mAb was evaluated in THP-1 cells using both a per-
ipheral blood mononuclear cell (PBMC) system and a reporter system
as part of a safety control assessment to evaluate its potential cyto-
toxic effects driven by the IgG format (Fig. 4e). In both assay formats,
hCitH3-mAb exhibited no detectable ADCC activity. Consistently, the
IgG isotype control also showed no ADCC activity, while another
positive control a-PDL1 (anti PD-L1 antibody) showed ADCC activity in
PD-L1-overexpressing THP-1 cells, together reinforcing the conclusion
that hCitH3-mAb does not trigger antibody-dependent cellular cyto-
toxicity under the tested conditions.

We have partnered with a contract research organization (CRO)
and completed the GLP-toxicology study of hCitH3-mAb in rats and
monkeys per FDA guidance. These studies have yielded encouraging
no-observed-adverse-effect level (NOAEL) data, supporting the favor-
able safety profile of hCitH3-mAb. Cynomolgus monkey and Sprague
Dawley (SD) rat received 4-week repeated intravenous (IV) dosing
followedby a 4-week recovery phase. In bothmodels, hCitH3-mAbwas
well tolerated at all tested doses (30mg/kg, 90mg/kg and 200mg/kg),
with no significant toxicity observed. TheNOAELwasdetermined to be
200mg/kg.

These results demonstrate that hCitH3-mAb is well tolerated in
both species, providing strong support for its continued development
toward clinical trials. Additionally, as part of these GLP toxicology
studies, we have also characterized the pharmacokinetic (PK) prop-
erties of hCitH3-mAb in monkeys, with observed half-life typical of
other therapeutic monoclonal antibodies (Fig. 4f).

Overall, these findings demonstrate hCitH3-mAb is both safe and
effective in protecting mice from consequences of sepsis. Treatment
with hCitH3-mAb also significantly improved survival, reduced bac-
teria load, suppressed pro-inflammatory cytokines and protected
against ALI, highlighting its potential as a promising therapeutic
strategy for sepsis management.

CitH3 quantification reveals a critical window for sepsis
management
Sepsis is a severe and rapidly progressing condition with a high mor-
tality rate45. Early intervention is crucial, demanding real-time mon-
itoring of sepsis progression to identify a therapeutic window. Our
PEdELISA platformprovides ameans to efficiently quantify biomarkers
for cytokine storms and to track sepsis progression46–48. Compared to
conventional ELISA, PEdELISA offers greater efficiency and ease (see
Supplementary Fig. 3), allowing the quantification of six cytokines
from just a drop of plasma within a two-hour timeframe (see Supple-
mentary Fig. 3c). The robust linear correlation between PEdELISA and
traditional ELISA validates its reliability (Supplementary Fig. 3b).

In addition to the P. aeruginosa-sepsis model (Fig. 3), we have
established a LPS endotoxemia model, by administering a lethal dose
of LPS (25mg/kg LPS, intraperitoneal) to C57BL6 mice. The animals
were divided into two groups: one receiving hCitH3-mAb (20mg/kg,
tail vein) and the other human IgG as a control. At this lethal LPS dose,
100% mortality was observed within 24 h in the IgG-treated C57BL6/J
mice, while the administration of hCitH3-mAb (20mg/kg) significantly
improved survival (Fig. 5a, see also Supplementary Fig. 2b).

Using the compact PEdELISA platform with hCitH3-mAb, we
detected a biphasic elevation of CitH3 in LPS-induced endotoxemia in
mice (Fig. 5b, c). CitH3 levels began to rise as early as three hours post-
LPS administration, continuing to increase over the 21 h observation
window. A more pronounced elevation in CitH3 was observed around
18 h post-exposure (Fig. 5c). Remarkably, hCitH3-mAb administration
effectively prevented CitH3 elevation and cytokine storm develop-
ment, likely contributing to the observed survival benefits. These
findings suggest a critical threshold level for CitH3 as an early bio-
marker for sepsis onset, identifying a key therapeutic window prior to
the cytokine storm.

To further investigate cytokine dynamics, we expanded PEdELI-
SA’s multiplexing capability to assess early LPS-induced cytokine
changes (Fig. 5d). Unlike the biphasic CitH3 pattern, IL-1β and IL-6
increased progressively post-LPS exposure, while TNF-α peaked tran-
siently within six hours. These variations limit IL-1β, IL-6, and TNF-α as
early sepsis biomarkers. However, combining CitH3 with IL-1β, IL-6,
and TNF-α offers a more quantitative assessment of sepsis-
associated ALI.

We also examined cytokine patterns in the P. aeruginosa infection
model (Supplementary Fig. 3). Slightly differing from the LPS model,
CitH3, IL-1β, IL-6, and TNF-α levels remained relatively low during the
first 12 h post-infection, followed by a more pronounced increase
thereafter. This temporal pattern suggests the existence of a ther-
apeutic window in the P. aeruginosamodel as well, although its timing
differs from that observed in the endotoxemia model.

The combination of PEdELISA and CitH3 as a reliable biomarker
demonstrates significant clinical translation potential. This fine-time
monitoring highlights the critical importance of administering hCitH3-
mAb early in sepsis onset to optimize therapeutic efficacy.

Bacteria-infection induced injury to macrophages is protected
by hCitH3-mAb
Building on the established therapeutic efficacy of hCitH3-mAb in vivo,
we investigated its immunomodulatory mechanisms, particularly
focusing on macrophage function. Using THP-1 cells as a macrophage
model, we treated THP-1 monocytes with PMA to induce differentia-
tion into macrophages. Exposure of THP-1 macrophages to various
doses of P. aeruginosa led to dose-dependent cell injury, evidenced by
neutral red assay in the culture medium (Supplementary Fig. 4a).
Additionally, western blot analysis revealed a time-dependent release
of CitH3 protein (17 kD) following P. aeruginosa exposure (Fig. 6a),
indicating that bacterial infection may prompt CitH3 release and
cytokine production, contributing to sepsis-associated immune
dysfunction.
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We then examined hCitH3-mAb’s potential protective effects on
macrophages exposed to P. aeruginosa. In THP-1 macrophages
challenged with P. aeruginosa (MOI = 100), hCitH3-mAb provided
dose-dependent protection, while human IgG had no effect on cell
viability (Fig. 6b). Phagocytic function was assessed using pHrodo
Red E. coli BioParticles (Fig. 6c). Notably, P. aeruginosa exposure
caused extensive macrophage cell death and reduced phagocytic
activity with incubation of IgG as control. In contrast, hCitH3-mAb

treatment preserved both macrophage viability and phagocytic
function.

To further assess macrophage resilience, we treated THP-1 cells
with BALF derived from P. aeruginosa-exposed septic mice, which
contains pro-inflammatory factors. This BALF caused marked cell
damage, as indicatedby cytoplasmic neoplasmquantification (Fig. 6d).
hCitH3-mAb treatment significantly ameliorated these damaging
effects, whereas IgG had no impact. Additionally, P. aeruginosa-
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challenged THP-1macrophages displayed elevated levels of IL-6, IL-1α,
IL-1β, and TNF-α, all of which were significantly reduced by hCitH3-
mAb (Fig. 6e). These results suggest that P. aeruginosa infection pro-
motes CitH3 expression and secretion into BALF, and that hCitH3-mAb
mitigates the pro-inflammatory activity of CitH3.

Parallel experiments with bone marrow–derived macrophages
(BMDMs) from C57BL6 mice confirmed similar protective effects of
hCitH3-mAb against BALF-induced injury and inflammation. In
BMDMs, BALF derived from P. aeruginosa-septic mice activated pyr-
optosis markers, such as caspase-1 and cleaved gasdermin D (GSDMD)
(Fig. 6f). Treatment with hCitH3-mAb reduced pyroptotic death by
decreasing caspase-1 activation and GSDMD cleavage. Additionally,
hCitH3-mAb significantly lowered the levels of IL-1α, IL-1β, IL-18, and
LDH in the supernatant (Fig. 6g). These findings highlight the anti-
body’s potential tomodulate excessive inflammation andpyroptosis, a

promising approach for managing sepsis-induced immune
dysregulation.

Circulating CitH3 acts through TLR2 to trigger Ca2+-dependent
PAD2 auto-citrullination and its nuclear translocation
Previous studies from our team have demonstrated that systemic
administration of CitH3 peptide induces systemic inflammation and
pulmonary injury in mice41. Elevated CitH3 are thought to exacerbate
NETosis and pyroptosis in neutrophils and macrophages, creating a
vicious cycle of sustained cytokine production and tissue damage
associated with ALI40,41,49–51. After establishing the efficacy of hCitH3-
mAb in neutralizing CitH3-driven pathology, we turned to dissect the
molecular mechanisms underpinning its function. To explore the
autocrine role of CitH3 in macrophages, we tested its interaction with
TLR2 receptors.

Fig. 4 | Safety profile of CitH3-mAb in C57BL6mice and negativeADCC effect of
hCitH3-mAb. a Body weight of mice before and during the treatment for 6 weeks.
Mice were divided into two groups, 9 receiving CitH3-mAb (10mg/kg) and the
other 9 receiving saline, with treatment administrated twice per week (n = 9 bio-
logical samples per group).b Ejection fraction (EF) data ofmice treated with CitH3-
mAb (10mg/kg) or saline. Echocardiography assay were conducted before and
every twoweeks during the treatment (n = 9 biological samples per group).c, Levels
of BUN, total protein, globulin, albumin/globulin ratio, ALT, ALP and non-fasting
glucose in serum from mice treated with CitH3-mAb, compared to those treated
with saline. Creatinine of all the indicated mice were below 0.4mg/dL. 4 out of 9
mice in each group were randomly selected for serum chemistry assay and histo-
logical analysis (n = 4 biological samples per group)d, Representative images and

assessment of vital organ sections (heart, lung, liver, kidney, spleen) stained with
H&E (n = 4 per group). e ADCC evaluation of hCitH3-mAb in THP-1 cells. PD-L1
transient expression in THP1 cells was used as positive control for ADCC. No ADCC
responsewas observedwith hCitH3-mAb(n = 2pergroup;GLP-compliant study at a
certified CRO). f Pharmacokinetics of hCitH3-mAb in Cynomolgus monkeys fol-
lowing intravenous infusion. Two doses of hCitH3-mAb (30 or 200mg/kg) were
administered, and the plasma concentrations of the antibody were quantified
during the one-week observation time. The estimated half-life was 76.7 and 47.7 h,
for 30mg/kg and 200mg/kg dosing, respectively. (n = 2 per dose group; GLP-
compliant study at a certified CRO) Data are presented as mean± SD. Statistical
analysis was performed using two-sided t-tests: ns no significance. Source data are
provided as a Source Data file.
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Fig. 5 | hCitH3-mAb protects against LPS-induced endotoxemia in mice by
mitigating cytokine storm development. a Kaplan-Meier curves of mice mon-
itored over 10 days following lipopolysaccharide (LPS, 25mg/kg) administration.
Septicmice received hCitH3-mAb (20mg/kg) or human IgG (20mg/kg) via tail vein
injection 30min after sepsis onset. Data represent pooled results from three
independent experiments (total n = 24; 8 mice per group per experiment).
b Illustration of traditional ELISA and PEdELISA for the detection of cytokines and
CitH3. c Blood samples were collected at 3 h intervals from the same mouse (n = 3
per group) and analyzed using PEdELISA. 8 µL of serum samples were used for

CitH3 quantification, revealing a biphasic response of LPS-induced CitH3 elevation
indicative of sepsis onset and cytokine storm development. hCitH3-mAb treatment
mitigated LPS-induced CitH3 elevations. Data are presented asmean ± SD. d Serum
levels of IL-1β, IL-6, and TNFα in the LPS-induced endotoxemia model (n = 3 per
group). Statistical analysis was performed using multiple t-tests: *p <0.05,
**p <0.01, ***p <0.001. Data are presented as mean ± SD.Statistical analysis was
performed using Kaplan-Meier analysis with two-sided log-rank test for (a), two-
sided multiple t-tests for (c, d). *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001.Source data are provided as a Source Data file.
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Immunocytochemistry revealed that Alexa Fluor 488-labeled
CitH3 (CitH3-488) is efficiently taken up by BMDMs from wild-type
(WT) mice within 5min of incubation (Fig. 7a). In contrast, TLR2-
deficient (Tlr2⁻/⁻) BMDMs showed markedly reduced CitH3 uptake,
implicating TLR2 in this process. Supernatant analysis of CitH3-treated
BMDMs confirmed robust cytokine release (IL-1β, IL-6, TNF-α, TNF-β,
and INF-β) in WT cells, whereas cytokine levels were significantly
reduced inTlr2⁻/⁻BMDMs (Fig. 7b). A non-citrullinatedH3peptidewas
used as a negative control, and LPS served as a positive control. The
data demonstrate that CitH3, but not the unmodified H3 peptide,
induces a cytokine response, while LPS acts as a potent inducer as

expected. These controls underscore the specificity and biological
relevance of CitH3-mediated cytokine induction.

To investigate whether CitH3 internalization is involved in PAD2
translocation, we examined the colocalization of CitH3 with Rab5, a
well-established marker for early endosomes. As shown in Supple-
mentary Fig. 5a, fluorescently labeled CitH3 colocalizes with Rab5,
supporting its uptake via endosomal trafficking. To further probe the
mechanism, we treated cells with Cytochalasin D, an inhibitor of actin
polymerization that blocks endocytosis, and Dynasore, a dynamin
inhibitor that blocks clathrin-mediated endocytosis. Both inhibitors
markedly reduced CitH3 internalization (Supplementary Fig. 5b),
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indicating that active endocytic processes are involved. These findings
support a role for endocytosis in CitH3 uptake into BMDMs.

Confocalmicroscopy showed that CitH3 rather thanH3 treatment
altered PAD2’s subcellular localization, promoting its translocation
from the cytoplasm to the nucleus, where it co-localized with DAPI-
stained nuclear regions (Fig. 7c, Supplementary Movies. 1-4). Sub-
cellular fractionation further confirmed this nuclear translocation of
PAD2 following CitH3 exposure (Fig. 7d). Notably, CitH3-induced
nuclear translocation appeared to have more pronounced effect on
PAD2 compared to PAD4, which predominantly resides in the nucleus
under basal conditions (Supplementary Fig. 6).

Immunoblot analysis revealed that PAD2 undergoes auto-
citrullination in the nuclear fraction after CitH3 treatment, suggest-
ing this as a potential mechanism of activation (Fig. 7e). Ca²⁺ imaging
ofWTBMDMs demonstrated a significant increase in intracellular Ca²⁺
within 5min of CitH3 treatment, an effect absentwith non-citrullinated
H3 (see Supplementary Fig. 7). This CitH3-induced Ca²⁺ elevation was
dependent on extracellular Ca²⁺, as removal of extracellular Ca²⁺
abolished the response.

Using our established in vitro citrullination assay52,53, we con-
firmed PAD2’s ability to catalyze H3 citrullination in a Ca²⁺-dependent
manner. Briefly, recombinant human histone H3 was incubated with
MBP-tagged recombinant human PAD2 in a reaction buffer or a Ca²⁺-
free reaction buffer containing EGTA for Ca²⁺ chelation at 37 °C for 4 h.
Citrullinated proteins were then captured by citrulline-specific biotin-
probe and further captured using streptavidin-agarose beads. As
analyzed by western blotting, EGTA-mediated Ca²⁺ chelation sig-
nificantly reduced CitH3 production (Fig. 7e). Interestingly, the PAD2
enzyme used in these assays exhibited auto-citrullination, which
diminished with EGTA in the reaction buffer.

To investigate PAD2 auto-citrullination further, we performed
biochemical assays using MBP-PAD2 and His-PAD2 in the same
reaction buffer, testing their capacity for cross-citrullination
(Fig. 7f). Indeed, strong cross-citrullination was observed between
MBP-PAD2 and His-PAD2 in the presence of Ca2+, an effect sig-
nificantly reduced by EGTA chelation of Ca+2. Interestingly, when
PAD4 was included in the reaction buffer, we observed an added
effect of PAD4 and PAD2 in facilitating citrullination of both His-
PAD2 and MBP-PAD2.

These findings suggest a mechanistic pathway whereby circulat-
ing CitH3, acting through TLR2, triggers intracellular Ca²⁺ elevation
and activates PAD2. This leads to PAD2 auto-citrullination and nuclear
translocation, thereby amplifying CitH3 production and exacerbating
NETosis, perpetuating the vicious cycle of CitH3-mediated inflamma-
tion observed in sepsis and ALI. Importantly, this mechanism high-
lights the therapeutic advantage of hCitH3-mAb: unlike many
commercial antibodies that primarily recognize PAD4-mediated CitH3
(R2, R8, R17), hCitH3-mAb is capable of neutralizing CitH3 generated

by both PAD2 and PAD4. This broader recognition profile enables
hCitH3-mAb to effectively disrupt the CitH3 amplification loop
regardless of its enzymatic origin, making it a uniquely potent candi-
date for intervening in sepsis-related inflammation.

hCitH3-mAb mitigates CitH3-mediated cytokine storm in
macrophages
Having uncovered a CitH3–TLR2–PAD2 feedback loop that amplifies
inflammation and cellular injury, we next sought to determine how
hCitH3-mAb might therapeutically intervene in this process. Specifi-
cally, we investigated whether hCitH3-mAb could protect macro-
phages from CitH3-induced damage and thereby support their
function under septic conditions.

To this end, we assessed the effects of CitH3 on macrophage
viability. BMDMs exposed to increasing doses of CitH3 peptide
showed dose-dependent injury, as indicated by elevated LDH release
(Fig. 8a) and reduced cell viability measured by CCK-8 assay (Fig. 8b).
By contrast, the unmodified H3 peptide had no effect on BMDM via-
bility. Remarkably, escalating doses of hCitH3-mAb provided dose-
dependent protection against CitH3-induced injury, a benefit not
observed with control human IgG (Fig. 8c, d).

Western blot analysis revealed a time-dependent release of CitH3
protein (17 kD) from BMDMs upon exposure to exogenous 30-amino
acid CitH3 peptide (Fig. 8e), indicating that extracellular CitH3 can
initiate a self-amplifying inflammatory and injurious response in mac-
rophages. Further quantification of citrullinated proteins in BMDM
lysates showedamarked increase in citrullination after justonehourof
CitH3 peptide treatment (Supplementary Fig. 9). To determine whe-
ther PAD activation was essential for CitH3-mediated citrullination, we
assessed BMDMs from Pad2 knockout (Pad2−/−) and Pad2/4 double
knockout (Pad2−/−Pad4−/−) mice. While CitH3 treatment elevated
CitH3 protein levels and total citrullinated proteins in WT BMDMs, no
such increased was observed in Pad2−/− or Pad2−/−Pad4−/−
cells (Fig. 8f).

These results reinforce the hypothesis that CitH3 activates Ca2+-
dependent PAD enzymes, which drives increased citrullination of H3
and PAD2, perpetuating a self-sustained cycle of CitH3 production. To
determine whether hCitH3-mAb could interrupt this cycle, BMDMs
were treated with varying doses of hCitH3-mAb in the presence of
CitH3 peptide (Fig. 8g). hCitH3-mAb treatment significantly reduced
CitH3-induced pro-inflammatory cytokines, including IL-6, IL-1β, and
TNF-α, as well as interferons IFN-α and IFN-β, indicating decreased
TLR2 activation.

In parallel studies using bone marrow-derived neutrophils
(BMDNs), we observed that treatment with CitH3 peptide induced a
time-dependent release of double-stranded DNA (dsDNA), a key bio-
marker for NETosis (Supplementary Fig. 10a). Notably, incubationwith
hCitH3-mAb significantly reduced NETosis, as evidenced by the

Fig. 6 | Bacteria-induced injury to macrophages is mitigated by hCitH3-mAb.
a Immunoblot analysis of CitH3 levels in the supernatant (s.n.) and cell pellets of
THP-1 cells pre-treated with hCitH3-mAb or human IgG (1.5μg/mL), followed by
exposure to P. aeruginosa (MOI 100) for 2 or 4 h. Similar results from three inde-
pendent replicates. b Viability of THP-1 cells treated with P. aeruginosa at MOI 100
for 2 h with increasing doses of hCitH3-mAb or IgG (n = 5). c Phagocytic ability of
THP-1 macrophage cells treated with hCitH3-mAb or human IgG (1.5μg/mL) for 2 h,
followed by P. aeruginosa exposure (MOI 100, 1 h) and incubation with pHrodoRed
E. coli BioParticles (0.1mg/mL). In representative images, red fluorescence indi-
cates phagocytic activity, and blue signals represent Hoechst-stained nuclei.
Fluorescence was measured at 560/585nm (n = 6 biological replicates). Statistical
analysis was performed using one-way ANOVA with Tukey’s multiple comparisons
test. d Cell death in THP-1 macrophages incubated with BALF for 4 h. BALF was
collected from P. aeruginosa-induced septic mice pre-treated with either hCitH3-
mAb (20mg/kg) or human IgG (20mg/kg) (n = 6 per group). BALF was collected in
RPMI 1640medium and filtered through a 0.22 μm filter. BALF was added at 12.5%

of the final culture volume.e Levels of IL-6, IL-1α, IL-1β, andTNFα in the supernatant
of THP-1macrophages (n = 6 biological replicates) infectedwith P. aeruginosa (MOI
100, 2 h). NC indicates the negative control group. BALF was added at 12.5% of the
final culture volume. f Western blot analysis of pyroptosis markers, including
Caspase-1 and GSDMD cleavage products, in BMDMs treated with BALF as descri-
bed in (e). hCitH3-mAb treatment was more effective than the commercial CitH3-
mAb-3Cit in mitigating BALF-induced pyroptosis in BMDMs (n = 4 biological
replicates). Human IgG was used as negative control. g Levels of IL-1α, IL-1β, IL-18,
and LDH in the supernatant of BMDM cells treated with BALF. hCitH3-mAb
demonstrated greater efficacy than commercial CitH3-mAb-3Cit in reducing BALF-
induced pro-inflammatory cytokine release in BMDMs (n = 6 biological replica-
tes).Data are presented as mean ± SD. Statistical analyses were conducted using
one-way ANOVA and Dunnett’s test, with comparisons among the BALF-treated
group for (d–g), and to the ‘0’ group for (a, b): *p <0.05, **p <0.01, ***p <0.001,
****p <0.0001.Source data are provided as a Source Data file.
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decreased levels of dsDNA (Supplementary Fig. 10a). Our hCitH3-mAb
demonstrated superior efficacy in mitigating CitH3-induced NETosis
compared to a commercially available CitH3-mAb-3Cit (Supplemen-
tary Fig. 10b). As a control, treatmentwith human IgG showednoeffect
on CitH3-induced dsDNA release from BMDNs. Consistently, CitH3
peptide induced NETs formation, as indicated by co-localization of
CitH3 and MPO with DNA; hCitH3-mAb significantly attenuated
NETosis, whereas hIgG had no effect (Supplementary Fig. 10c).

Together, these results demonstrate that hCitH3-mAb effectively
disrupts the CitH3-TLR2-PAD2 pathway, providing a compelling basis
for its use as a therapeutic strategy to mitigate the inflammatory cas-
cade and cytokine storm in sepsis.

Discussion
Our study provides a comprehensive evaluation of a novel humanized
monoclonal antibody targeting citrullinated histone H3 (hCitH3-mAb)
for therapeutic intervention in sepsis - a condition marked by severe
immune dysregulation and multi-organ injury. This fully humanized
antibody effectively neutralizes tissue damage associatedwithNETosis
without impairing the antimicrobial functions of neutrophil extra-
cellular traps (NETs), offering a targeted therapeutic strategy that
overcomes the limitations of prior non-specific anti-PAD approaches,
which often led to unintended immunosuppression. By neutralizing
CitH3, a key driver of excessive NETosis and pyroptosis, hCitH3-mAb
reduces proinflammatory cytokine production, restores immune cell

Article https://doi.org/10.1038/s41467-025-62788-6

Nature Communications |         (2025) 16:7435 10

www.nature.com/naturecommunications


function, and significantly improves survival in murine models of
sepsis. In addition to neutrophils, we identify macrophages as a pre-
viously unrecognized but substantial source of CitH3, providing a cell-
specific perspective on CitH3 regulation with important implications
for innate immunity and sepsis pathogenesis. We also describe a pre-
viously unreported positive-feedback mechanism in which PAD2
undergoes auto-citrullination, leading to sustained CitH3 production.
Mechanistically, we uncover a CitH3–TLR2–PAD2 feedback loop that
amplifies inflammation and tissue damage by promoting PAD2 acti-
vation and persistent CitH3 expression. Importantly, hCitH3-mAb
disrupts this pathological cycle, curbing immune overactivation while
preserving the physiological functions of NETs - offering a safe and
effective strategy for treating sepsis and related immunedysregulation
disorders.

A notable advantage of hCitH3-mAb over existing commercial
CitH3 antibodies lies in its ability to bind CitH3 residues generated by
both PAD2 and PAD4 enzymes40 (Figs. 2 and 3). Commercial antibodies
are limited to targeting PAD4-mediated citrullinated residues (typically
at R2, R8, and R17), which represent only a subset of CitH3 modifica-
tions. In contrast, hCitH3-mAb’s broader epitope recognition enables
more effective neutralization of CitH3, regardless of its enzymatic
origin. This expanded specificity allows it to neutralize CitH3 more
effectively, thereby reducing inflammation and improving survival in
murinemodels. Thesefindings underscore the therapeuticpotential of
targeting PAD2, a critical enzyme in CitH3 biogenesis, which has been
implicated in sepsis pathology but remains underexplored in ther-
apeutic research37,54.

Beyond its therapeutic application, hCitH3-mAb also demon-
strates utility as a diagnostic and monitoring tool. Building on prior
research46–48, we utilized the PEdELISA platform to precisely quantify
CitH3 levels as a biomarker of sepsis onset and progression (Fig. 3 and
Supplementary Fig. 3). PEdELISA offers significant advantages over
traditional ELISA, including faster processing, higher sensitivity, and
the ability to work with small sample volumes. Using hCitH3-mAb in
the PEdELISA platform,we demonstrated thatCitH3 levels increased in
sepsis non-survivors but declined in sepsis survivors. In contrast,
serum CitH3 levels in non-infectious ALI patients were indistinguish-
able from those in healthy individuals. These findings reinforce the
diagnostic potential of hCitH3-mAb and the utility of PEdELISA for
identifying critical therapeutic windows, supporting real-time mon-
itoring of inflammatory responses in clinical settings.

Our in vivo studies utilized a Pseudomonas aeruginosa strain
(ATCC 19660), previously reported by other groups to induce pyr-
optosis in lung epithelial cells and immune tissues, further validating
its relevance as a model for studying inflammatory cell death in the
context of infection-induced sepsis55–60.We demonstrated that hCitH3-
mAb effectively protects macrophages from injury induced by both P.
aeruginosa and CitH3. In vivo, hCitH3-mAb treatment preserved
macrophage viability, reduced expression of pyroptosis markers, and

maintained phagocytic function despite ongoing bacterial infection
and inflammatory stress. Additionally, hCitH3-mAb reduced excessive
NETosis, thereby preserving neutrophil function and preventing their
premature depletion. This combined stabilization of macrophage and
neutrophil activity likely contributes to the reduced bacterial burden
observed in hCitH3-mAb–treated mice, underscoring the antibody’s
dual benefit in controlling infection and mitigating immune over-
activation. While pyroptosis and NETosis are clearly implicated, other
formsof regulated cell death—such as apoptosis and necroptosis—may
also play a role. Further studies are needed to fully elucidate the
mechanisms by which hCitH3-mAb protects immune cells under
inflammatory stress and to define its broader immunomodulatory
potential.

Our study elucidates the CitH3-TLR2-Ca²⁺-PADs pathway, offering
valuable insights into the mechanisms underlying CitH3 self-
amplification. Mechanistic investigations revealed that CitH3 acti-
vates the TLR2 signaling pathway, triggering intracellular calcium
elevation, PAD2 auto-citrullination, and subsequent nuclear translo-
cation. To determine whether CitH3 internalization contributes to
PAD2 activation, we examined its colocalization with Rab5, an early
marker of endosomes and phagosomes. CitH3 colocalized with Rab5,
suggesting uptake via vesicular trafficking. Inhibiting phagocytosis
with cytochalasin D or endocytosis with Dynasore significantly
reduced CitH3 internalization, confirming the role of active vesicular
transport in CitH3 uptake by BMDMs and its downstream activation of
NETosis. This observation is consistent with previous studies demon-
strating that activated TLR2 facilitates the uptake of molecules via
endosomes61–63, aligning with the observed slower CitH3 uptake in
Tlr2⁻/⁻ cells. Calcium imaging demonstrated that CitH3 induces
intracellular calcium elevation within five minutes, a response that is
absent with unmodified H3. TLR2 activation is also known to stimulate
calciumflux in various cell types, as supported by previous studies64–66.
Importantly, Tlr2⁻/⁻ cells fail to exhibit calcium flux or pro-
inflammatory signaling67, underscoring TLR2’s critical role in this
pathway. Our findings demonstrate that PADs, in conjunction with
Ca²⁺, facilitates PAD2 auto-citrullination and nuclear translocation,
forming the foundation of a self-sustaining CitH3 production and
inflammatory feedback loop. Crucially, hCitH3-mAb disrupts this loop
by neutralizing extracellular CitH3, thereby reducing TLR2 activation,
dampening downstream inflammatory signaling, and preserving
macrophage and neutrophil function. All together, these findings
illuminate the molecular underpinnings of CitH3-mediated inflamma-
tion and highlight pivotal therapeutic intervention points to counter-
act its effects.

Despite these promising results, several limitations warrant con-
sideration. First, while murine models provide valuable insights, they
do not fully replicate the complexity and heterogeneity of human
sepsis. Validation in large animal models is essential to confirm the
safety, efficacy, and translational potential of hCitH3-mAb under

Fig. 7 | Circulating CitH3 triggers Ca²⁺-dependent PAD2 auto-citrullination and
nuclear translocation via TLR2 signaling. a Immunofluorescence analysis
showing efficient uptake of Alexa Fluor 488-labeled CitH3 (5 µg/mL) by wild-type
(WT) BMDMs but not by Tlr2⁻/⁻ BMDMs. Cellular intensity of Alexa-488 was
quantified (n = 5). Statistical analysis was performed using two-sided, Unpaired t
test with Welch’s correction. b Cytokine profiling of pro- and anti-inflammatory
mediators (IL-6, IL-1β, IL-10, TNFα, IFN-α, IFN-β) in supernatants of WT and Tlr2⁻/⁻
BMDMs treated with H3 or CitH3 peptides (15 µg/mL) for 16 h (n = per group). LPS
(200ng/mL) served as positive control. Statistical analysis was performed using
two-way ANOVA with Sidak’s multiple comparisons test. c Immunocytochemistry
demonstrating nuclear translocationof PAD2 in BMDMs after 1 h exposure to CitH3
peptide (15 µg/mL). LPS (200ng/mL) served as a positive control. PAD2was stained
with Alexa Fluor 488 (green), and nuclei were counterstained with DAPI (blue).
Quantification of PAD2 nuclear localization was analyzed by one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (n = 3 per group). d Subcellular

fractionation analysis confirming significant nuclear localization and citrullination
of PAD2 in WT BMDMs following treatment with H3, CitH3, or LPS. Quantification
was analyzed using one-way ANOVA followed by Tukey’smultiple comparisons test
(n = per group). e In vitro citrullination assay showing MPB-tagged PAD2-mediated
citrullination of H3 in a Ca²⁺-dependent manner. EGTA-mediated Ca²⁺ chelation
eliminatedCitH3production. Similar results from three independent replicates. f In
vitro citrullination assay showing PAD2 citrullination. PAD2 auto-citrullination was
confirmed as His-tagged recombinant PAD2 co-incubated with MBP-tagged PAD2
resulted in PAD2 citrullination. PAD4 also promotes PAD2 citrullination. Quantifi-
cation was performed by Image J, citrullination signals were normalized to corre-
sponding input signals and further normalized to thematchingEGTA-treatedgroup
in each replicate experiments. Statistical analysis was performed using two-sided t-
test.Data are presented as mean ± SD. Statistical significance in all panels was
determined as follows: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Source data
are provided as a Source Data file.
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Fig. 8 | hCitH3-mAb preserves macrophage integrity and mitigates CitH3-
induced cytokine storm. a LDH release from supernatants of BMDMs treated with
increasing doses of CitH3 or unmodified H3 peptides for 24 h at 37 °C, showing
CitH3-induced cytotoxicity (n = pergroup).bCell viability, assessedusing theCCK8
assay, demonstrated significant reduction following CitH3 peptide treatment
compared to the H3 peptide (n = 5 per group). c BMDMs treated with 50 µg/mL
CitH3 peptide and increasing doses of hCitH3-mAb or human IgG. LDH release was
measured to evaluate cytotoxicity (n = per group).d, Viability of BMDMs treated as
in (c) wasmeasured using the CCK8 assay. hCitH3-mAb significantly preserved cell
viability compared to control IgG (n = per group). e Immunoblot analysis of CitH3 in
BMDMs treatedwith 15μg/mLCitH3 or H3peptides. Cells were washed three times
prior to collection. And given that the CitH3 peptide is only ~30 amino acids in
length, the bands observed at ~17 kDa are interpreted as endogenous cellular CitH3

protein detected at various time points. Similar results from three independent
replicates. f Western blot analysis of citrullinated proteins in BMDMs from WT,
Pad2⁻/⁻, and Pad2/4⁻/⁻ mice following 1 h treatment with 15μg/mL CitH3 peptide.
CitH3-induced citrullination was PAD2-dependent. Similar results from four inde-
pendent replicates. g Quantification of IL-6, IL-1β, TNFα, IFN-α, and IFN-β levels in
the supernatants of BMDMs treatedwith 25μg/mLCitH3 peptide for 24 h (n = 6 per
group). hCitH3-mAb effectively reduced CitH3-induced cytokine elevation in a
dose-dependent manner, whereas control IgG had no effect. Data are presented as
mean ± SD. Statistical analysis: One-way ANOVA followed by Dunnett’s multiple
comparisons testwas applied throughout. Comparisonsweremade to the ‘0’group
in (a–d), and the CitH3-treated group in (g), as indicated. Significance thresholds:
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.Source data are provided as a
Source Data file.
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clinically relevant conditions. Second, while our data support
endocytosis-mediated uptake of CitH3 and its contribution to intra-
cellular NETosis activation, we cannot rule out the possibility that
membrane-delimited signaling via CitH3–TLR2 interactions at the
plasmamembrane also contributes to PAD2 activation. Understanding
howCitH3 is released into the extracellular environment is also critical
for explaining its pathological accumulation during sepsis. CitH3
release likely involves both passive and activemechanisms, depending
on the context and immune cell activation state68,69. While passive
release through lytic NETosis and pyroptosis is well established, the
possibility of active secretion from viable cells remains an intriguing
area that warrants further investigation. Third, our PEdELISA studies
were conducted on a limited number of samples. Larger cohorts are
necessary to further validate PEdELISA’s reliability and utility as a
diagnostic and monitoring tool in clinical settings. Fourth, our study
primarily focused on acute sepsis and did not investigate chronic
conditions. Exploring the long-term effects of hCitH3-mAb treatment
across a broader spectrum of diseases will provide a more compre-
hensive understanding of its therapeutic potential and clinical
applicability. Finally, beyond the CitH3-induced inflammatory cycle,
other citrullinated proteins may act as autoantigens, leading to the
production of anti-citrullinated protein antibodies (ACPA), which are
biomarkers for autoimmune diseases like rheumatoid arthritis70,71. The
role of these citrullinated proteins in sepsis and their contribution to
immune dysregulation remain to be elucidated.

Looking ahead, our future efforts will focus on translating these
findings into clinical applications. This will involve advancing hCitH3-
mAb through extensive preclinical studies, including chemistry, man-
ufacturing, and controls (CMC) to ensure scalable and consistent
production in GMP facilities, GLP-compliant toxicology evaluations,
and the development of robust clinical protocols to secure FDA
approval for an Investigational New Drug (IND) application. Addi-
tionally, exploring combination therapies with hCitH3-mAb and com-
plementary anti-inflammatory or antimicrobial agents could further
enhance its therapeutic efficacy.

In summary, hCitH3-mAb represents a promising therapeutic
candidate for addressing the critical unmet clinical needs, particularly
in sepsis treatment. By targeting a critical mediator of immune dys-
regulation, hCitH3-mAb offers a novel approach to mitigating inflam-
mation, preventing cytokine storms, and reducing organ injury. While
its primary focus is on addressing the urgent clinical challenges of
sepsis, its therapeutic potential extends to a broader spectrum of
immune-driven conditions, including acute respiratory distress syn-
drome (ARDS), disseminated intravascular coagulation (DIC)/throm-
bosis, autoimmune diseases, and ischemia-reperfusion injury,
highlighting its versatility and transformative potential in combating
life-threatening inflammatory diseases.

Methods
Ethics statement
This study involving human participants was reviewed and approved
by theUniversity ofMichigan and theUniversity ofMississippiMedical
Center institutional review boards (IRB; HUM00056630 and IRB#201-
0261, respectively). The study was conducted following the principles
of the Declaration of Helsinki and in accordancewith US Federal Policy
for the Protection of Human Subjects. All participants or their legal
proxy signed informed consent for the parent study which included
permission to store and use remaining blood samples indefinitely
under a University of Michigan IRB approved secondary analysis pro-
tocol (HUM00150839). All animal studies were conducted in com-
pliance with institutional and national guidelines for the care and use
of laboratory animals. The study protocols were reviewed and
approvedby the InstitutionalAnimalCare andUseCommittee (IACUC)
at University of Michigan (PRO00011567). All efforts were made to

minimize animal suffering and reduce the number of animals used in
the experiments. All data supporting the findings of this study are
available within the paper and its Supplementary Information.

Generation of hCitH3-mAb
Cryopreserved hybridoma cells secreting mouse CitH3-mAb2440 were
cultured in RPMI-1640 medium supplemented with 10–20% ultra-low
IgG fetal bovine serum (Gibco). Total RNA was extracted using the
Qiagen RNeasy Kit and reverse-transcribed to complementary DNA
(cDNA) using the GE Life Sciences First Strand cDNA Synthesis Kit.
cDNA sequences were determined by ProMab Biotechnologies, Inc.
(Richmond, CA). Humanization and optimization of the mouse CitH3-
mAb to generate humanized CitH3-mAb (hCitH3-mAb) were con-
ducted by Ab Studio, Inc. (Hayward, CA), a biotechnology company
specializing in AI-based antibody engineering.

For expression, BonOpus Biosciences (Millburn, NJ) designed and
optimized vectors encoding diverse VH and VL chain combinations.
These vectors were transfected into CHO cells to maximize binding
activity and yield. Rigorous quality control was conducted iteratively
to ensure high-yield, high-purity production. Thermal stability tests,
including RF-HPLC chromatography, confirmed batch production
consistency and absence of aggregation (see flow chart outlined in
Fig. 1a). SparX Biopharmaceutical Corp. (Mount Prospect, IL), a CDMO
specializing in clinical-grade antibody production, performed devel-
opability studies. This included optimization of upstream and down-
stream processes to ensure scalable production and purification of
GMP-grade hCitH3-mAb. Stable CHO-GS KO cell lines with high-titer
expression of hCitH3-mAb were established and used for production
of the final product, which was subsequently validated for preclinical
studies. The sequenceof theCH1–CH3domain indicates that it is of the
IgG1 subtype; therefore, we use IgG1 (Biolegend, 403501) as the iso-
type negative control. The sequence is as follows:

ASTKGPSVF-
PLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS
GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPP
CPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYV
DGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKA
LPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAV
EWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVM
HEALHNHYTQKSLSLSPGK

Synthesis of CitH3 and H3 peptides
The CitH3 and H3 peptides were synthesized by Chinese Peptide
Company Ltd. (Zhejiang, China). The peptide sequence of H3 is “H2N-
ARTKQTARKSTGGKAPRKQLATKAARKSAPC-amide”, and CitH3 is “H2N-
A(Cit)TKQTA(Cit)KSTGGKAP(Cit)KQLATKAA(Cit)KSAPC-amide”. They
were both of high purity ≥95% determined by HPLC.

Human samples
Serum samples and clinical data were obtained from patients with or
without sepsis31, enrolled in an observational study at the University of
Michigan and the University of Mississippi Medical Center. Sample
preparation and patient information collection have been previously
detailed31.

Septic shock patients were adults (≥18 years) who presented to
the emergency department and met the consensus definitions for
septic shock at the time of enrollment: confirmed or suspected
infection, at least two systemic inflammatory response criteria, and
evidence of hypoperfusion (systolic blood pressure <90mmHg after
fluid resuscitation or blood lactate ≥36mg/dL). Non-infectious con-
trols were ED patients who presented with shock—defined as the need
for vasopressors or persistent hypotension (SBP < 90mmHg or
MAP < 65mmHg) after receiving at least 2 L of fluid—but without any
clinical or laboratory evidence of infection.
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Animal models of sepsis
C57BL/6 J, B6.129-Tlr2tm1Kir/J, B6(Cg)-Tlr4tm1.2Karp/J mice, aged
between 8 and 12 weeks, were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA) and housed in a specific pathogen-free facility
under controlled environmental conditions. All experimental proce-
dures were conducted following the guidelines set forth by the Uni-
versity ofMichigan and University of Virginia Institutional Animal Care
and Use Committee, ensuring strict adherence to approved protocols
for ethical animal research.

Pseudomonas aeruginosa (Schroeter) Migula (ATCC) 19660 was
used for infection experiments. In the Pseudomonas aeruginosa (P.
aeruginosa) infection model, mice were lightly anesthetized and
2.5 × 106 colony-forming units (CFU) of P. aeruginosawas administered
as a 30 µL intranasal drop to ensure uniform exposure to the respira-
tory tract. Animals were randomized with different treatment. For the
lipopolysaccharide (LPS)-induced endotoxemia model, LPS was dis-
solved in sterile saline (5mg/mL) and administered via intraperitoneal
injection at a dose of 25mg/kg. Treatment groups received either
hCitH3-mAb antibody (20mg/kg) or an equivalent dose of human IgG
(Sigma) at a final volume of 200 uL, both administered via tail vein
injection. To assess survival, mice were monitored for more than
10 days post-infection or until the experiment’s conclusion, with sur-
vival data recorded daily by a blinded investigator. Humane endpoints
were strictly observed to minimize animal suffering. The dose and
sample size were based on previous study39–41. For fine-time monitor-
ing, blood samples were collected from the tail vein at specified time
points for systemicmarker analysis. Tissues andorganswereharvested
24 h post-infection for histological and molecular evaluations. All
experiments adhered to institutional guidelines and approved proto-
cols for animal research to ensure ethical treatment and minimizing
suffering throughout the study.

Bacterial clearance
The bacterial burden in different organswas quantified by homogenizing
the tissues. After homogenization, tissue samples were serially diluted in
sterile saline, and aliquots were spread onto agar plates. The plates were
incubated at 37 °C for 16h to allow bacterial colony growth. Colonies
were counted using ImageJ software, and the colony-forming units
(CFUs) per gram of tissue was calculated by a blinded investigator.

Hematoxylin and eosin staining
The severity of acute lung injury was evaluated through histopathologi-
cal analysis of lung tissues. Lungs were fixed in paraffin wax, sectioned
into 4μm thick slices, and stained with hematoxylin and eosin (H&E) to
evaluate tissue morphology. A blinded pathologist, unaware of the
experimental groups, conducted assessment of the histological sections.
The severity of lung injurywas graded using Suzuki’s scoring systemon a
scale from 0 to 5, where 0 represents no injury and 5 indicated the most
severe injury72. The airspace proportion, defined as the ratio of the air-
space area to the total area, was calculated toquantify structural damage.
Lower airspace proportions indicated alveolar wall thickening, airspace
loss, and impaired respiratory function.

Chip preparation and pre-equilibrium digital ELISA (PEdELISA)
The PEdELISA chip fabrication, surface functioning and detailed assay
protocol was adapted from previously established methods46. Briefly,
The PEdELISA chip is constructed using laser-cut PMMA layers and
pressure-sensitive adhesives (PSA) to form a multilayer structure sui-
table for mass production. The top PMMA layer, interfacing with the
fluidic manifold, is laser-cut to create inlet/outlet ports and alignment
features. A PSA layer forms flow cells when laminated between the
PMMA top layer and the bottomdigital sensor chip. The bottomdigital
sensor comprises femtoliter-sized microwell arrays molded from
polydimethylsiloxane (PDMS) onto a glass substrate. For microarray
patterning, reusable PDMS flow cell direct analyte-specific beads

(1mg/mL) intomicrowells. After bead settling andwashing with PBS-T,
the top PMMA/PSA assembly is permanently bonded to the chip,
creating 16 flow cells for multiplexed cytokine measurements. Flow
cells are blocked with SuperBlock™ buffer to prevent non-specific
binding. Bead-filling rates are verified microscopically, and completed
chips are sealed and stored at 4 °C.

The PEdELISA assay workflow includes whole blood incubation,
detection antibody labeling, streptavidin-HRP labeling, substrate
loading, oil sealing, and fluorescence imaging. An automated engi-
neering prototype of the PEdELISA system has been developed,
enabling it to function as a stand-alone systemat the point of care. This
system comprises the PEdELISA chip, a 3D-printed fluidic manifold, a
syringe pump with rotary valves, and a compact, custom-built fluor-
escence reader. Automated reagent handling requires 30–40min,
while imaging takes less than 5min, resulting in a total operational
assay time of approximately 1 h for up to 16 samples and 6-plex
detection. Data analysis is performed using a custom-trained con-
volutional neural network (CNN)48,73, which detects and counts fluor-
escence spots, identifies image dust and defects, evaluates the
brightfield bead filling rate, and calculates the digital immunoassay
signal as “Average Enzyme Molecule per Bead (AEB).”

Cell culture
Cells were cultured in a humidified atmosphere with 5% CO2 at 37 °C.
THP-1 cells were maintained in RPMI-1640 complete medium supple-
mented with 10% fetal bovine serum (FBS), 100U/mL penicillin, and
100 µg/mL streptomycin. The cells were subcultured every 2–3 days to
maintain cell viability and prevent overgrowth, and differentiated into
macrophages using 100 ng/mL PMA (Sigma) for 48 h for experi-
mentation with P. aeruginosa, BALF and CitH3.

Bonemarrow cells were collected from femurs and tibias of mice.
Bone marrow-derived macrophages (BMDMs) were generated by cul-
turing bone marrow cells in macrophage differentiation medium for
7 days. The medium consisted of RPMI-1640 complete medium with
20 ng/mLCSF (Peprotech, AF-315-02). The differentiationmediumwas
replaced every 2–3 days to ensure optimal cell growth and
differentiation.

Mouse neutrophils were isolated from harvested bone marrow
cells. After lysing red blood cells on ice for 10min, the cells were
resuspended in 1–3ml of sterile PBS. A density gradient was prepared
using 3mlofHistopaque 1119 layeredover 3mlofHistopaque 1077 in a
15ml conical tube. The bone marrow cell suspension was carefully
layered on top and centrifuged at 872 × g for 30min at room tem-
peraturewithout a brake. Neutrophilswere collected at the interfaceof
the Histopaque 1119 and 1077 layers, washed twice with RPMI 1640
medium, and then challenged with 500nM phorbol myristate acetate
(PMA) and incubated for 3 h at 37 °C.

Immunofluorescence assay
For general immunocytochemistry assays, cells were fixed with cold
methanol for 5min, permeabilized with 0.05% Triton X-100 in PBS for
10min, and then blocked with 5% BSA. Cells were incubated with pri-
mary antibodies overnight at 4 °C, followed by fluorescently labeled
secondary antibodies (Invitrogen, USA). Nuclei were counterstained
with DAPI. Three gentle washes with PBS between each step.

For the cell uptake assay, CitH3 peptides were labeled with Alexa
Fluor 488dye (ThermoFisher, 46403) according to themanufacturer’s
protocol. BMDMs were treated with 5μg/mL of fluorescently labeled
CitH3 peptide for 5min, followed by three gentle washes with PBS to
remove unbound peptide. To block specific internalization pathways,
cells were pretreated with cytochalasin D (Sigma C8273, 10μM, 1 h) to
inhibit phagocytosis, or with Dynasore (Sigma D7693, 80μM, 1 h) to
inhibit endocytosis via dynamin-dependent endosome formation.
Cells were then fixedwith 4% paraformaldehyde for 10min to preserve
internalized material. After fixation, cells were permeabilized and

Article https://doi.org/10.1038/s41467-025-62788-6

Nature Communications |         (2025) 16:7435 14

www.nature.com/naturecommunications


processed for immunocytochemistry using standard procedures,
including incubation with primary and secondary antibodies as
described above. The primary antibodies used in immunocytochem-
istry assays: PAD2 (12110-1-AP), PAD4 (17373-1-AP), Rab5 (CST, 3547),
EEA1 (CST, 3288), MPO (Abcam ab208670)

Phagocytosis assay
THP-1 macrophages were treated with either hCitH3-mAb or human
IgG (control) at a concentration of 1.5μg/mL. Following treatment,
cells were exposed to P. aeruginosa at a multiplicity of infection (MOI)
of 100 for 1 h to simulate bacterial stress. Following infection, cells
were incubated with pHrodo™ Red E. coli BioParticles (Thermo Fisher,
P35360) at 0.1mg/mL for 30min at 37 °C to assess phagocytic func-
tion. The pHrodo dye fluoresces upon internalization into acidic
compartments, enabling quantification of active phagocytosis. Nuclei
were counterstained with Hoechst. Red fluorescence, indicating pha-
gocytic uptake, was measured at excitation/emission wavelengths of
560/585 nm using a plate reader for quantification. Representative
images were acquired to using a fluorescence microscope.

Live cell Ca2+ imaging
BMDM cells were loaded with Fluo-4-AM (2 µM) in 0 Ca2+ Krebs-Ringer
Hepes buffer containing (mM) 125 NaCl, 5 KCl, 25 HEPES, 6 glucose,
and 1.2 MgCl2, pH 7.4 for 40min at room temperature. Cells were then
continuously perfused with Krebs-Ringer Hepes (KRH) solution con-
taining CaCl2 (1.8mM) at room temperature. Fluorescence of Fluo-4
was excited at 488 nm and detected by a Nikon A1R confocal micro-
scope. For measurements of [Ca2+]i response, BMDMs were treated
with 20μg/ml CitH3 or H3 peptides in KRH buffer and monitored
continuously under the microscope.

Cell viability assay (CCK-8)
Cell viability was assessed using the Cell Counting Kit-8 (CCK-8,
Dojindo, CK04) according to themanufacturer’s protocol. Briefly, cells
were seeded into 96-well plates at a density of 1 × 104 cells per well and
allowed to adhere overnight. Following specific treatments, 10μL of
CCK-8 solution mixed with 100μL of culture media (without phenol
red) was added to eachwell. Absorbancewasmeasured at 450 nm.Cell
viability was expressed as a percentage relative to the untreated con-
trol group. Data were normalized to the control group, and statistical
analyses were performed as described in the corresponding sections.

Cell death assay
Cell death in THP-1 cells was assessed using the Cell Death Detection
ELISA kit (Roche, 11544675001) according to the manufacturer’s
instructions. THP-1 cells were cultured in 96-well plates at a density of
1 × 10⁶ cells per well and treated under specified experimental condi-
tions. Following treatment, cells were lysed using the kit’s lysis buffer
to release cytoplasmic histone-associated DNA fragments. The lysates
were transferred to a streptavidin-coated microplate and incubated
with a biotinylated anti-histone antibody and a peroxidase-conjugated
anti-DNA antibody. After washing to remove unbound antibodies,
substrate solution was added to develop a colorimetric signal pro-
portional to the amount of DNA-histone complexes. Absorbance was
measured at 405 nm using a microplate reader to quantify cell death,
and data were normalized to untreated controls.

Antibody-dependent cellular cytotoxicity (ADCC)
reporter assay
Thedaybefore assay, PD-L1-overexpressing (PDL1-OE) THP-1 cellswere
harvested from continuous culture by centrifugation and resuspended
in cell culture medium containing 10% FBS and 100 ng/mL PMA at a
final density of 1.25 × 104 cells/well in 96-well assay plates. 16 h later,
PDL1-OE THP-1 cells were differentiated into macrophage-like cells.
Cell culture medium was replaced with 1:3 serial dilutions of human

IgG1, anti-PDL1, and hCitH3-mAb antibodies. For dilution,
hCitH3 sample (20mg/mL) was diluted with 1X PBS to a stock solution
of 2mg/mL; samples were subjected to 3-fold serial dilutions with
ADCC Assay Buffer. According to the manufacturer’s instructions
(Promega, ADCC Reporter Bioassay Core Kit, Cat #ADG7941), effector
cells (Jurkat T cells) were then added at 7.5 × 104 cells/well and incu-
bated at 37 °C for 6 h. After incubation, assay plates were removed
from the 37 °C incubator and allowed to equilibrate to ambient tem-
perature (22–25 °C) on the bench for 15min. 75μl of Bio-Glo™ Luci-
ferase Assay Reagent was added to the assay plates and incubated at
ambient temperature for 10min. Luminescence counts were recorded
using a plate reader. Data analysis was performed using Log (Agonist)
vs. response – Variable slope program of GraphPad Prism Software
Version 5.

LDH release assay
Cytotoxicitywas evaluatedbymeasuring lactate dehydrogenase (LDH)
release using the LDH Cytotoxicity Detection Kit (Sigma-Aldrich,
11644793001). Cells were seeded in a 96-well plate at a density of
1 × 104 cells per well and allowed to adhere overnight. After specific
treatments, 50 µl of cell culture supernatant from each well was
transferred to a new 96-well plate. Tomeasure maximum LDH release,
cells in positive control wells were lysed with 0.2% Triton X-100. LDH
reactionmixture (50μL) was added to each sample well and incubated
at room temperature in the dark for 10min, following the manu-
facturer’s protocol. Absorbance was measured at 490nm with a
reference wavelength of 600nm. LDH release was expressed as a
percentage of the maximum LDH release (Triton group). All data were
normalized to the control group for analysis.

Neutral red assay
Neutral Red (NR) assay was performed to assess cell viability and
cytotoxicity using the Neutral Red Assay Kit (Sigma, TOX4-1KT). Cells
were seeded in a 96-well plate and treatedwith thedesired compounds
for a specified duration. Following treatment, cells were incubated
with Neutral Red solution (provided in the kit) for 3 h at 37 °C to allow
for uptake into viable cells. After incubation, cells were washed to
remove excess dye, and the incorporated Neutral Red was eluted with
a lysis buffer. Absorbance wasmeasured at 540 nm using a microplate
reader, and cell viability was calculated relative to untreated
control cells.

dsDNA release for NETosis quantification
Primary neutrophils were isolated from mouse bone marrow and
seeded into 96-well plates at a density of 2 × 10⁵ cells per well. Cells
were treated with CitH3 peptides (5μg/mL) and the CitH3 antibodies
(5μg/mL), and samples were collected at various time points over a
0–6-hour period to assess NETosis. To quantify dsDNA release, the
Quant-iT™ PicoGreen™ dsDNA Assay Kit (Invitrogen, P7581) was used
according to the manufacturer’s instructions. After treatment, super-
natants were collected and mixed with the PicoGreen™ reagent in
black, flat-bottom 96-well plates. Fluorescence was measured using a
microplate reader with excitation/emission wavelengths of 480/
520nm. Data were normalized to a 0.1% Triton X-100-treated group as
the positive control.

Enzyme-linked immunosorbent assay (ELISA)
For direct ELISA in Supplementary Fig. 1, all the CitH3 antibodies were
conjugated with HRP following the protocol of a kit (Abcam,
ab102890). Different dose of CitH3 peptide were directly coated onto
96-well plates overnight at 4 °C. Different concentrations of CitH3
peptide were coated directly onto 96-well plates overnight at 4 °C.
After blocking for 2 h, the CitH3 antibodies (0.1μg/mL) were added
and incubated for 2 h at room temperature. TMB was used as the
substrate.
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CitH3 levels in Fig. 2, 3 and traditional ELISA of CitH3 in Supple-
mentary Fig. 3 were determined using an indirect ELISA. Briefly,
hCitH3-mAb or commercial CitH3-mAb (5μg/mL) was coated onto 96-
well plates overnight at 4 °C. After blocking for 2 h, samples were
added and incubated overnight at 4 °C. Following sample incubation, a
CitH3 detection antibody (Abcam, ab5103, USA) was applied for 2 h at
room temperature, followed by incubation with an HRP-conjugated
secondary antibody for 1 h. TMB was used as the substrate. Absor-
bance was measured at 450 nm after substrate addition, providing a
quantitative assessment of CitH3 levels in the samples. The commer-
cial antibodies are as follows: CaymanmAb (17939);MyBiosourcemAb
(MBS483041); CST mAb (97272); AbboMax pAb (630-180ABBOMAX);
and Abcam pAb (ab5103). Cytokine levels in bronchoalveolar lavage
fluid (BALF) and cell supernatants were measured by the Immunology
Core Facility at the University of Michigan.

In vitro citrullination assay and detection of citrullination
In vitro citrullination assay was performed as we previously described
in refs. 52,53. Briefly, recombinant human H3 (Cayman, 10263) or His-
tagged recombinant human PAD2 (Cayman, 10785) were incubated
withMBP-tagged recombinant human PAD2 (Sigma-Aldrich, SAE0061)
in a reaction buffer (50mM HEPES, 50mM NaCl, 2mM CaCl2, 2mM
DTT) or a Ca²⁺-free reaction buffer containing EGTA for Ca²⁺ chelation
at 37 °C for 4 h. To evaluate the impact of PAD4 on PAD2 citrullination,
recombinant human PAD4 (Sigma-Aldrich, SAE0086)was added to the
reaction system. Following incubation, proteins were treated with
0.1mM citrulline-specific biotin-probe (PG-biotin, Cayman, 17450) in a
buffer (50mM HEPES, 20% trichloroacetic acid) at 37 °C for 30min as
previously described54. PG-biotin-labeled citrullinated proteins were
capturedusing streptavidin-agarosebeads (ThermoFisher, 20353) and
incubated overnight at 4 °C53. The bead-bound complexes were
washed four timeswith PBS andboiled inSDS-PAGE samplebuffer. The
captured proteins were then analyzed by western blotting.

Western blot
Cells were collected and lysed using RIPA lysis buffer (Thermo Fisher,
89901) supplemented with a protease inhibitor cocktail (Thermo
Fisher, 87785). For nuclear and cytoplasmic protein separation, theNE-
PER™ Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher,
78835) were used following the manufacturer’s protocol. Western
blotting of the CitH3 peptide was performed using the Tris-Tricine
SDS-PAGE system. Proteins were separated by Tris-Glycine SDS-PAGE
and transferred to PVDF membranes. Membranes were blocked with
5% non-fat milk in PBST for 1 h at room temperature. Primary anti-
bodies were applied overnight at 4 °C, followed by incubation with
secondary antibodies (Jackson ImmunoResearch, USA) for 1 h at room
temperature. After washes with PBST, protein bands were visualized
using an ECL detection system (Bio-Rad, USA) and imaged with Che-
miDoc Imaging Systems (Bio-Rad, USA).

Primary antibodies are: hCitH3-mAb, commercial CitH3-mAb (Cay-
man, 17939), PAD2 Ab (Proteintech, 12110-1), H3 Ab (Cell Signaling
Technology, 9715S), β-actin Ab (Cell Signaling Technology, 4970S,
3700S), Citrulline Ab (Cayman, 30773), Caspase-1 (Cell Signaling Tech-
nology, 24232), PAD4 Ab (Abcam, ab214810), His-tag Ab (Proteintech,
66005-1-Ig), Cleaved Caspase-1 (Cell Signaling Technology, 89332),
GSDMD (Cell Signaling Technology, 39754), Cleaved GSDMD (Cell Sig-
naling Technology, 34667), GADPH (Cell Signaling Technology, 97166).

Statistical analysis
Data are presented as mean ± standard deviation (SD). For compar-
isons between two groups, a t-test was used. Repeated measures were
analyzed using analysis of variance (ANOVA). For comparisons invol-
ving three ormore groups, one-wayor two-wayANOVAwasperformed
as appropriate. Statistical analyseswere conductedusingKaplan-Meier

Analysis for survival rate. A p-value of <0.05 was considered statisti-
cally significant. Figures were analyzed using ImageJ 1.54m, and sta-
tistical analysis was performed using GraphPad Prism 10.2.3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this
study are available within the paper and its supplementary infor-
mation files. The Source data that support the findings of this study
are available in Figshare with the data “https://doi.org/10.6084/m9.
figshare.29640344. Source data are provided with this paper.
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